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The accessory mineral monazite [(REE, Th, U, Y, Ca)(P, Si)O4] is the major host of the heat 
producing element Th in the high temperature (>500 C) continental crust, hosted predominantly 
in peraluminous rock types. It is also an important geochronometer for high temperature crustal 
processes. As monazite forms, it often preserves multiple chemical and isotopic zones which can be 
used to infer the timing and conditions of formation. These zones can be preserved through multiple 
cycles of metamorphism and partial melting. While some aspects of monazite chemistry (e.g. LREE 
and Y) are well understood, studies which have focussed on Th in particular are few. This has resulted 
in a lack of clarity on the partitioning of Th into monazite with progressive metamorphism as well 
as a limited understanding of the solid-solution behaviour of the two Th-bearing endmembers of 
monazite, cheralite and huttonite.
To expand the utility of this mineral, this thesis fi rst presents two detailed and comprehensive case 
studies of chemical zoning in monazite from compositionally homogeneous suites of progressively 
metamorphosed metasediments, Mt Staff ord, central Australia and the Ivrea–Verbano Zone, Italy. 
These studies also present the chemistry of associated minerals, mo dal abundance of accessory 
minerals, bulk rock chemistry and mineralogy. These case studies have a particular focus on Th, 
and compare trends observed in monazite from progressively metamorphosed terranes to bulk rock 
Th and mineralogy trends. These studies show that monazite in granulite-facies and UHT rocks 
is not depleted in Th with respect to amphibolite-facies monazite. In all samples, cheralite is the 
dominant Th-endmember of monazite. Monazite modal proportion is also observed to increase with 
metamorphic grade in both terranes. The case studies are then integrated with a global dataset of over 
5000 monazite chemical analyses spaning a wide range of pressure and temperature conditions. This 
analysis shows that Th in monazite shows systematic behaviour with temperature with limited eff ect 
from pressure and that the trends observed in the case studies can be considered universal.
This new understanding of Th partitioning in monazite is used to build and calibrate a predictive and 
readily adaptable thermodynamic framework for modelling the chemistry and abundance of monazite 
and associated minerals. This framework is tested on representative pelite compositions to explore 
the bulk compositional and pressure–temperature controls on monazite stability and composition. 
Closed- and open-system melting scenarios are also explored. Finally, the thermodynamic framework 
is used to calculate models for one sample from each case study to provide the proof-of-concept that 
these models adequately predict the complexity of monazite compositions in natural systems and to 
provide new insights into the formation of this mineral.
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Signifi cance and aims of this thesis
Monazite ([REE,Y,Th,U,Ca] [Si,P]O4) is a common accessory mineral in aluminous pelitic and 
psammitic metasedimentary and peraluminous granitic rock types. Monazite is an important 
geochronometer for high temperature (>500 °C) processes and is a major host of the heat producing 
element thorium in the deep crust. For these reasons, it is crucial to have a good understanding of 
how thorium partitions into monazite at diff erent pressures and temperatures as well as what controls 
the retention of thorium in monazite and in the deeper crust. This requires an understanding of the 
behaviour (stability and composition) of monazite as a function of pressure, temperature and rock 
composition (P–T–X) in the context of the P–T–X behaviour of major silicate minerals and other 
accessory minerals. However, uncertainty remains about when monazite grows in relation to the 
bulk silicate mineral assemblage of rocks. There are various ways in which monazite can be linked 
to the growth and consumption of major minerals, some of which are more reliable than others 
(e.g. microstructural location vs idealised ‘equilibrium’ partitioning coeffi  cients; see Engi, 2017). In 
addition, monazite commonly preserves several chemical and isotopic zones (see Taylor, Kirkland, & 
Clark, 2016; Williams, Jercinovic, & Hetherington, 2007) which complicates the establishment of links 
to the major silicate assemblages, but also provides a potential solution, as investigated in this thesis. 
If such chemical and isotopic zones can be reconciled and correlated with pressure, temperature and 
bulk composition (P–T–X), monazite could potentially become a powerful tool for understanding in 
detail the pressure and temperature conditions of the growth of metamorphic assemblages and the 
controls on retention of heat production in the deep crust.
In order to develop a comprehensive framework of understanding of the behaviour of monazite 
chemistry with progressive metamorphism, the information required is the composition of monazite 
and coexisting minerals (e.g. apatite, allanite, xenotime, garnet, feldspar etc.) at well constrained 
pressure and temperature conditions, as well as full whole rock geochemistry (major and trace 
elements). Such studies should ideally be conducted in locations where protolith (bulk rock chemistry) 
is consistent at all metamorphic grades to limit the eff ect of bulk composition on the apparent eff ects 
of progressive metamorphism. However, few studies exist that have presented all of this data, therefore 
making the development of a detailed understanding of monazite growth behaviour challenging. 
Although the REE composition of monazite is commonly used to infer the P–T–X characteristics and 
coexisting silicate minerals during monazite formation, comprehensive studies with a specifi c focus 
on Th have not been conducted, mostly as such studies require signifi cant investment and appropriate 
natural laboratories are rare. Recent works have partially addressed these defi ciencies by providing 
detailed studies including much of the necessary information (Skrzypek, Bosse, Kawakami, Martelat, 
& Štípská, 2017; Skrzypek et al., 2018) and highly detailed natural datasets are becoming more common 
with the rise of large electronic appendices to published papers (e.g. Berry, Chmielowski, Steele, 
& Meff re, 2007; Foster, Kinny, Vance, Prince, & Harris, 2000; Laurent, Duchene, Bingen, Bosse, & 
Seydoux-Guillaume, 2018; Martins, Vlach, & de Assis Janasi, 2009; Schulz, 2017; Skrzypek et al., 2017; 
Yakymchuk et al., 2015). In particular, studies with a specifi c focus on Th-in-monazite remain rare, 
despite the acknowledgement that Th is critical to the stability of monazite. Previous studies have 
reported monazite chemical trends, such as REE-rich, Th-poor monazite observed at low temperatures 
(e.g. Rasmussen & Muhling, 2007) trending to more Th-rich monazite at higher temperatures (e.g. Bea 
& Montero, 1999; Foster et al., 2000; Overstreet, 1967). However, studies focussing on Th in particular 
report seemingly contradictory results (e.g. Th-rich rims surrounding Th-poor cores and visa-versa; 
e.g. Kohn & Malloy, 2004; Skrzypek et al., 2018), sometimes even within the same samples (e.g. Franz, 
Andrehs, & Rhede, 1996), and give qualitative statements about monazite composition or thorium 
solid-solution which cannot be interrogated with the available quantitative data (e.g. Allaz, Selleck, 
Williams, & Jercinovic, 2013; Bial, Buettner, Schenk, & Appel, 2015; Bial, Büttner, v& Appel, 2016; 
Finger, Broska, Roberts, & Schermaier, 1998; Franz et al., 1996). This lack of clarity about monazite 
composition as a function of P–T–X is commonly the result of small sample sets and use of samples 
that vary – sometimes signifi cantly – in their major and trace element chemistry as a function of 
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metamorphic grade. Indeed, the issue of changing bulk rock composition in studies investigating 
monazite behaviour adds one more layer of complexity to resolving monazite behaviour. This thesis 
aims to improve the clarity on this issue.
Thermodynamic phase equilibria modelling is currently one of the most widely used approaches for 
investigating metamorphic rocks and processes. One of the outstanding challenges in this approach 
is to (more) directly link the modelled major silicate mineral assemblages to high temperature 
geochronology, which is an important step in understanding the signifi cance of age data for 
metamorphic minerals. This is because the addition of accessory minerals (especially monazite) 
used to date high temperature processes to thermodynamic datasets requires the expansion of such 
datasets to include (many) elements that are only present in trace amounts in most common rock-
forming silicate minerals (e.g. Zr, P, REE, Th, U). However, some such attempts have been done, with 
zircon and other Zr-bearing phase end-members added to the THERMOCALC dataset (Kelsey & 
Powell, 2011) and Ce, Y and P added to the GIBBS dataset (Spear, 2010; Spear & Pyle, 2010). However, 
in regard to monazit e, Ce and Y do not adequately represent the full complexity of real monazite 
solid solution compositions, and so for this reason further work is required to incorporate other 
REE elements and also, especially, Th, to more thoroughly and adequately explore and understand 
monazite behaviour in metamorphic systems. For the most part, studies investigating the behaviour 
of zircon and monazite in the context of metamorphic rock evolution (P–T–X) have been done by 
performing calculations external to the thermodynamic modelling software, utilising experimentally-
derived solubility equations (Harrison & Watson, 1984; Stepanov, Hermann, Rubatto, & Rapp, 2012; 
Watson & Harrison, 1983; Wolf & London, 1994) for the accessory minerals (e.g. Kelsey, Clark, & Hand, 
2008; Yakymchuk, 2017; Yakymchuk & Brown, 2014, 2019; Yakymchuk, Kirkland, & Clark, 2018). The 
Yakymchuk & Brown (2019) study included Th and U in the calculations on monazite and zircon 
(and apatite) behaviour and provided great insight into how accessory mineral behaviour controls 
Th and U (heat production) in the residual part of partially melted rocks in the crust. However, this 
study used solubility expressions to derive the accessory phase behaviour, whereas in this thesis the 
alternative approach of developing an equilibrium thermodynamic approach for modelling accessory 
phase behaviour is taken. 
The overall aim of this thesis is to present the fi rst comprehensive, quantitative and predictive 
equilibrium thermodynamic tool-set that systematically links Th concentrations to the primary 
mineralogical, melt and rock composition controls on the stability of Th-bearing phases, specifi cally 
monazite, thus building on the framework of the seminal Spear (2010) and Spear and Pyle (2010) studies. 
In order to achieve this, it is fi rst necessary to establish that such a pursuit is warranted. Therefore, 
this study also collates and adds to the current global dataset of monazite chemistry with individual 
analyses tied to metamorphic grade and bulk rock chemistry of samples. This is fi rstly achieved 
through two detailed case studies of the response of monazite to progressive metamorphism within a 
whole-rock context, with a particular focus on the trends of Th and the two Th-bearing monazite end-
members, cheralite (Ca0.5Th0.5PO₄) and huttonite (ThSiO₄), with progressive metamorphism. These 
case studies contribute detailed and comprehensive datasets of monazite chemistry, the chemistry 
of associated minerals, monazite geochronology, modal abundance of accessory minerals, bulk rock 
composition and mineralogy. Secondly, it compares these detailed and well constrained records to 
other available monazite data from the published literature to understand in a global context the 
response of the composition of monazite to progressive metamorphism. Finally, these data, obtained 
from natural samples, are used to calibrate and test a quantitative, predictive thermodynamic 
framework for monazite and associated phases within a chemical system that adequately refl ects the 
complexity of natural systems.
The specifi c aims of this thesis are to: 
1. Comprehensively characterise the natural record of thorium in monazite and rocks in diff erent 
tectonic settings in detail to understand the interplay between the behaviour of thorium in monazite and in 
the bulk rock as a function of metamorphism, partial melting and melt loss (Chapters 2 and 3);
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2. Establish the global trends in monazite chemistry with pressure and temperature, including 
understanding the solid-solution chemistry changes and the relative proportions of the two Th-bearing 
endmembers of monazite (Chapter 4);
3. Create a readily adaptable thermodynamic calculation framework that explicitly incorporates the 
major elemental components of monazite (Ce, La, Nd, Th, Y, Ca, Si and P) and systematically predicts 
the pressure, temperature and rock composition (P–T–X) controls on the stability of Th-bearing phases 
including monazite (Chapter 5);
4. Apply the thermodynamic model to determine P–T–X (metamorphic reaction) controls on monazite 
chemistry and stability in representative and natural bulk compositions (Chapter 5);
5. Apply the thermodynamic model to determine P–T–X controls on retention versus extraction of Th 
from the lower crust during metamorphism involving crustal melting (Chapter 5).
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CHAPTER OUTLINES
Chapter 1 Introduction and thesis aims
Chapter 2 Thorium distribution in the crust: Outcrop and grain-scale perspectives
Chapter 2 provides the fi rst of two case studies, examining the distribution of Th at the outcrop scale 
(centimeter to metre) at Mt Staff ord, central Australia, and comparing this with changes to Th-in-
monazite at the sub-grain scale (microns to millimetres). Mt Staff ord is a well characterised crustal 
section with a high metamorphic fi eld gradient. These two datasets are used to show that whole rock 
thorium is preserved to the highest grades of metamorphism at Mt Staff ord (granulite facies) and 
this is facilitated by Th sequestered by monazite which remains stable. This chapter describes and 
discusses the interplay between observations at these dramatically diff erent scales and presents an 
argument for the potential of retaining high-heat producing material in the deep crust.
Chapter 3 Thorium zoning in monazite: a case study from the Ivrea–Verbano Zone, NW Italy
Chapter 3 builds on the previous chapter by presenting a second case study, from the Ivrea–Verbano Zone 
in Italy. The Ivrea–Verbano Zone has a distinctly diff erent tectonic and thermal history to Mt Staff ord, 
as well as more calcic metasedimentary rock compositions, and therefore presents an opportunity 
to extend the discussion from chapter 2 into other tectonic settings and other metasedimentary 
rock compositions. This second case study presents a similar dataset to that presented in chapter 
2, investigating both outcrop and micro scales, and compares the interplay of these observations 
with those in chapter 2. The Ivrea–Verbano Zone reaches higher temperatures and pressures than Mt 
Staff ord, resulting in the near complete dissolution of monazite at the highest grades in the former. 
The results obtained from this chapter enable discussion of the chemical composition of monazite at 
or near its stability limit, and cover a crucial interval of interaction between monazite and silicate melt 
that has rarely been documented in nature.
Chapter 4 Temperature dependence of thorium substitution mechanisms in monazite
Chapter 4 builds on from the previous two chapters by integrating the monazite data in this thesis 
with published data from metamorphosed metasedimentary rocks from around the world. This 
large dataset further illustrates the fi nding from chapters 2 and 3 – that Th-in-monazite is controlled 
primarily by temperature and secondarily by whole rock composition – but moves this fi nding from the 
site-specifi c analysis of the fi rst two chapters and into a more in-depth discussion of the mechanisms 
behind these observations. In particular, this chapter has a focus on the relative proportions of the two 
thorium-bearing mineral endmembers of monazite as a function of metamorphic grade. This focus 
allows a preliminary analysis of the extent to which monazite displays thermodynamic equilibrium 
compositions, and hence the appropriateness of interrogating monazite with calculated equilibrium 
thermodynamics. 
Chapter 5 Theoretical modelling of monazite growth in a Th-bearing system
Chapter 5 builds on the previous chapters by presenting calculated monazite-bearing metamorphic 
assemblage diagrams in a Th-bearing system that also includes major monazite forming elements 
La, Ce, Nd and Y, using an equilibrium thermodynamic framework. These metamorphic assemblage 
diagrams are used to explore changes in the composition and abundance of monazite with pressure, 
temperature and bulk rock composition. The metasedimentary rock compositions modelled in this 
chapter are compared with data from natural rocks (presented in chapter 4) to further explore how 
monazite composition can be used to more precisely identify the pressure–temperature conditions 
of its formation. It is further illustrated how the models can be used to monitor the extent of partial 
melting and other metamorphic reactions. This chapter highlights the powerful potential for this 
modelling as a technique to integrate monazite’s use as a geochronometer with the sensitive P–T–X 
information it records as a new tool in geospeedometry. The thermodynamic models are then applied 
to specifi c samples from Mt Staff ord (Chapter 2) and the Ivrea-Verbano Zone (Chapter 3). 
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Chapter 6 Thesis summary and conclusions
Chapter 6 concludes the thesis by providing a concise discussion of the changes to the chemistry of 
monazite with progressive metamorphism, with particular reference to Th and the two Th-bearing 
endmembers of monazite. It assimilates key results and interpretations of the previous chapters and 
highlights questions that future research might pursue. 
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Chapter 2 Thorium distribution in the crust
Thorium distribution in the crust: outcrop and 
grain-scale perspectives
ABSTRACT
The spatial distribution of heat producing elements (K, U, and Th) in the continental crust has long-
term implications for the thermal and physical evolution of orogens. Heat producing elements, in 
particular Th, are most abundant in metasedimentary rock types. As such, these rock types have a 
signifi cant control on the spatial distribution of heat production in the crust. The major host of the 
heat producing element thorium in pelitic metasedimentary rocks is the REE–Th phosphate monazite. 
We present in-fi eld gamma ray spectrometry (in-fi eld GRS) data integrated with grain-scale electron 
probe microanalysis data to reveal grain to terrane scale links in thorium distribution. In-fi eld 
GRS data shows that thorium is not depleted in granulite facies residual rocks that have lost melt 
with respect to their subsolidus counterparts. Concurrently, the bulk thorium budget of monazite 
is approximately uniform within samples and if anything increases with increasing metamorphic 
grade. Monazite average grain size increases with metamorphic grade and prograde cores are largely 
preserved in granulite facies samples. Thorium is preserved in residual metasediments after melting 
and melt loss implying that even when melting and melt extraction is effi  cient it does not strip Th 
from granulite facies rocks.
systematically investigate Th behaviour within 
monazite. However, disparate empirical data 
suggests that monazite becomes more Th-rich in 
granulite facies rocks (e.g. Engi, 2017; Watt, 1995).
The aim of this study is to understand the 
behaviour of Th by presenting a database which 
quantifi es the spatial distribution and chemistry 
of monazite for rock compositions that have 
undergone progressive metamorphism from 
below to above the solidus, with the expressed 
purpose of understanding the concentration 
and behaviour of Th in monazite. We track the 
textural and chemical evolution of monazite in 
pelitic and psammitic prograde sequences from 
Mt Staff ord, central Australia and show that 
metamorphic monazite from mid-amphibolite 
facies rocks is comparatively low in Th and that 
upper-amphibolite and granulite facies monazite 
is elevated in Th. The abundance and overall Th 
budget of monazite increases with increasing 
metamorphic grade, in agreement with trends 
in outcrop-scale gamma ray spectrometer data. 
Moreover, our dataset lends support to the 
experimental and thermodynamic modelling 
fi ndings of Stepanov et al. (2012) and Yakymchuk, 
Kirkland, and Clark (2018) in which monazite 
is found or calculated to increase in Th with 
increasing temperature.
2 GEOLOGICAL BACKGROUND
Mount Staff ord, central Australia (Fig. 1) records 
an uninterrupted prograde metamorphic 
sequence in rocks of broadly homogeneous 
1 INTRODUCTION
Monazite is the major Th-bearing mineral in high 
temperature (>500 C) continental crust. Thus, 
the controls on monazite growth, dissolution and 
recrystallization control the spatial distribution 
of Th in the continental crust. It has been a tacit 
assumption that melting of continental crust will 
remove Th – a major heat producing element 
(HPE) – from the residue and concentrate it in 
granitic rocks. However, it is now understood 
that Th will preferentially partition into monazite 
over silicate melt regardless of the temperature 
of crustal melting (Rapp, Ryerson, & Miller, 
1987; Skora & Blundy, 2010; Stepanov, Hermann, 
Rubatto, & Rapp, 2012) and that monazite can 
remain stable well into the granulite facies 
(Yakymchuk, 2017; Yakymchuk & Brown, 2014). 
Recently, Alessio et al. (2018) showed that heat 
production rates, sampled at the outcrop scale, 
at least remain constant between sub- and supra-
solidus rocks of similar bulk compositions. The 
implication of this is that Th can commonly 
remain in the residuum during crustal melting 
and melt extraction from that residuum. 
Controls on the behaviour of Th as a function of 
progressive metamorphism in metasedimentary 
sequences are poorly quantifi ed. As the major 
host of Th in crustal rocks, monazite is ideal for 
studying these controls. Numerous monazite 
forming reactions have been proposed (e.g. Corrie 
& Kohn, 2008; Kohn & Malloy, 2004; Pyle & Spear, 
2003; Pyle, Spear, Rudnick, & McDonough, 2001; 
Spear & Pyle, 2010), but these studies do not 

5
Chapter 2 Thorium distribution in the crust
Table 1. Metamorphic zones in the Mt Staff ord Terrane (after White et al., 2003). Mineral abbreviations after Holland and 
Powell (1998). Samples from this study are aluminous metapelites and metapsammites. Pressure Temperature constraints 
from White et al. (2003). Andalusite in the sequence is interpreted to be metastable (White et al., 2003). 
Rock Type Mineral Assemblages    
 Zone 1 Zone 2 Zone 3 Zone 4 
Aluminous 
metapelite 








































P-T constraints <2.55±0.25 kbar 
<620 ºC 
2.55±0.25 –  
3.05±0.25 kbar 
620–665 ±15 ºC 
3.05±0.25 – 
3.65±0.35 kbar 
665±15 – 780±5  ºC 
>3.65±0.35 kbar 
>820  ºC 
All of these reactions imply that the decrease 
in biotite abundance in the samples is linked 
to the production of melt. The maximum melt 
productivity of 22-23 wt% was predicted at the 
peak temperature of 820°C in the Mt Staff ord 
area (Bartoli, 2017) and melt loss in the area has 
been documented by depletion of melt-mobile 
elements in granulite facies samples with respect 
to the protolith compositions (Palya, Buick, & 
Bebout, 2011; see also White et al., 2003). 
3 SAMPLE SELECTION
Samples were selected to be representative of the 
prograde sequence of metamorphism across the 
solidus at Mt Staff ord (Fig. 1). There is inherent 
variability in the trace element concentration 
between samples due to natural variation in their 
sedimentary protoliths. This was minimized by 
careful sample selection on the basis of similarity 
in major element bulk composition. Metapelite 
and metapsammite lithologies (Table 2) were 
selected on the basis of their general propensity 
for forming monazite. At the outcrop and thin 
section scale, samples in Table 2 contain an even 
distribution of poikiloblasts of andalusite and/
or cordierite. Only peritectic granulite facies 
migmatites with poikiloblasts of garnet are 
obviously more heterogeneous. 
4 METHODS
4.1 Whole rock geochemistry
Whole-rock geochemical analyses of samples 
were undertaken to quantify bulk rock budgets 
of HPE as well as determine similarity of 
chemical composition between samples. Whole-
rock geochemical analyses were undertaken 
by Wavelength Dispersive X-ray Fluorescence 
spectrometry at the Department of Earth and 
Environment, Franklin and Marshall College, 
Lancaster PA, USA. Major elements were 
analysed on fused disks prepared using a lithium 
tetraborate fl ux, calculated on a volatile-free 
basis. Element and oxide concentrations from 
whole-rock geochemistry will be denoted in the 
form Th_WR and CaO_WR respectively (i.e. 
trace and major elements). 
4.2 In fi eld Gamma ray Spectrometry (in
fi eld GRS)
Handheld gamma-ray spectrometers (GRSs) 
were used in the fi eld to provide a broad scale, 
bulk sampling of the concentrations of heat 
producing elements (HPEs; K, U, Th) of outcrops. 
Analyses were conducted using four Radiation 
Solutions RS-230 model handheld GRSs. The RS-
230 model has a 103 cm3 bismuth germinate oxide 
crystal sensor, and the units were calibrated using 
concrete test pads, constructed by Radiation 
Solutions. The detectors were placed directly 
onto the outcrops and analyses were integrated 
over 120 seconds. The sample volume for the RS-
230 model is approximately 0.5 m3, therefore only 
fresh outcrops larger than this were analysed. 
Machine errors are propagated for all analyses, 
as per the manufacturer’s instructions (see 
Appendix S1 in Alessio et al., 2018). Analyses 
were collected from transects of Mt Staff ord from 
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production than leucocratic-rich layers (28.7–41.7 
and 19.0–24.8 ppm Th_GRS respectively).
 5.3 MLA
Representative BSE images of the microstructural 
settings of monazite are presented in Figure 5. 
Monazite grain size, abundance and chemical 
zones are summarised in Table 4 and monazite 
microstructural location is summarised in Table 
5. A comparison of the proportions of accessory 
minerals is shown in Figure 6.
In amphibolite facies samples (ST16-31J, STF33P, 
STF02B, STF16A, ST16-31A, STF33, STF04A and 
STF10B) monazite is predominantly hosted at 
grain boundaries between K-feldspar, biotite, 
quartz, apatite ± cordierite, muscovite, ilmenite 
and andalusite within the matrix (Table 5). 
Monazite is evenly distributed throughout 
the samples and frequently occurs as clusters 
of small grains (<10 μm). Monazite is rarely 




















































Major elements (wt%)            
SiO2 56.90 58.92 55.39 55.53 56.38 54.78 82.18 76.73 83.20 75.16 73.69 73.92 
TiO2 0.58 0.54 0.61 0.59 0.52 0.74 0.31 0.37 0.32 0.47 0.55 0.49 
Al2O3 25.15 21.06 24.43 24.73 25.13 25.18 9.26 11.17 8.84 13.17 12.78 13.74 
Fe2O3T 7.68 7.13 8.06 7.83 6.90 9.55 2.63 4.20 1.77 4.48 6.61 4.57 
MnO 0.07 0.07 0.13 0.06 0.10 0.11 0.05 0.04 0.06 0.13 0.11 0.07 
MgO 2.33 1.89 2.60 2.03 2.31 3.20 0.75 1.32 0.48 1.35 1.83 1.48 
CaO 0.03 0.10 0.34 0.21 0.36 0.33 0.64 0.44 0.66 0.71 0.47 0.84 
Na2O 0.68 0.44 0.62 1.23 1.37 1.17 1.24 0.98 1.05 0.74 0.59 1.49 
K2O 6.26 6.04 6.64 6.62 6.66 4.58 2.76 2.97 2.41 3.25 2.36 3.63 
P2O5 0.05 0.10 0.13 0.13 0.15 0.20 0.10 0.09 0.11 0.11 0.10 0.07 
Total 99.73 96.29 98.95 98.96 99.88 99.84 99.92 98.31 98.90 99.57 99.09 100.30 
LOI 4.42 3.94 2.06 0.72 1.16 0.75 0.70 1.82 1.11 0.89 1.25 0.95 
Fe2O3 2.19 - - - 0.50 0.50 0.46 - 0.27 - - 0.57 
FeO 4.94 - - - 5.76 8.14 1.95 - 1.35 - - 3.60 
Trace elements (ppm)   
Rb 448 409 381 408 284 229 128 199 96 162 119 188 
Sr 74 61 106 49 134 148 105 85 57 121 57 117 
Y 25 14 34 29 32 23 20 22 25 24 24 20 
Zr 118 117 118 92 120 166 265 224 335 251 260 273 
V 90 81 92 69 135 113 40 43 27 60 64 57 
Ni 54 55 42 38 43 66 18 29 16 31 38 27 
Cr 86 78 70 60 75 94 56 54 25 59 81 78 
Nb 17 16 17 17 15 17 10 12 10 14 14 13 
Ga 35 32 34 35 36 35 15 17 13 20 20 21 
Cu 34 34 37 41 17 25 13 9 8 16 7 49 
Zn 107 118 111 115 93 117 45 73 27 73 134 65 
Co 17 19 17 18 17 29 2 9 1 11 21 8 
Ba 1011 884 913 1060 1014 956 587 567 487 521 516 852 
La 36 26 45 42 41 53 47 43 46 41 40 34 
Ce 78 163 108 109 93 132 80 75 80 84 83 74 
U 0 1 1 0 0 0 3 1 3 1 0 1 
Th 33 34 34 35 25 38 30 27 37 34 25 30 
Sc 14 15 14 13 12 2 2 5 2 6 17 4 
Pb 11 15 17 23 20 20 12 25 14 13 14 16 
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boundaries (>89.77% of xenotime) in the 
subsolidus samples and the two granulite facies 
psammite samples (ST16-31J, STF33P, STF02B, 
ST16-31A, STF33, STF04A, STF26A and ST16-
03C), with the remainder being hosted as 
inclusions in K-feldspar. In the suprasolidus 
pelite samples (STF16A, ST16-09 and ST16-19A) 
approximately half of the xenotime is hosted at 
grain boundaries (59.70%, 49.14% and 43.13% 
respectively). The remainder of the xenotime in 
these samples is hosted as inclusions in K-feldspar 
(40.30%, 50.86% and 18.75% respectively) and, in 
ST16-19A, cordierite (34.38%) and coarse grained 
biotite (3.75%). The lowest proportion of grain 
boundary xenotime is found in sample STF10B 
(17.46%) with the remainder of the xenotime 
hosted as inclusions in K-feldspar. In the two 
samples that contain zone D (apatite grain 
boundary) monazite (ST16-09 and STF26A), 
xenotime found at grain boundaries of coarse 
grained apatite account for 3.09% and  49.26% 
respectively of all grain boundary xenotime.
Monazite volume proportions at Mt Staff ord, 
calculated from point counting, are in the 
range 0.003–0.027% for pelite samples and 
0.007–0.016% for metapsammite samples (Fig. 
6). Monazite is present in all samples and, if 
anything, the proportion of monazite increases 
with metamorphic grade.
Monazite volume increase is accompanied by an 
increase in apatite volume at higher grades in 
both metapelite and metapsammite samples (Fig. 
6). Zircon proportion in the metapelite samples 
decreases from mid to upper amphibolite, 
then increases to the granulite facies. In the 
metapsammite samples, zircon proportion is 
similar in all samples, but slightly higher in the 
upper amphibolite facies samples (STF04A, 
STF10B). Xenotime abundance decreases 
with metamorphic grade in the metapelite 
samples, and increases with metamorphic 
grade in the metapsammite samples.  Allanite 
was not detected in the samples except as rare 
intergrowths with apatite on monazite rims in 
sample ST16-03C (see Fig. 7).
5.4 EPMA
Representative analyses of monazite composition 
are given in Table 6 and compositional ranges 
are summarised in Table 7. Representative EPMA 
maps of monazite and trends in ThO2_mnz with 
mnz zone A B B* C C* D Hut 
Sample ST16-31J STF04A STF10B ST16-19A ST16-09 STF26A STF10B 
Grain mnz 19 mnz 4 mnz 4 mnz 8 mnz 17 mnz24 mnz 3 
Analysis  59-1 48-1 7-5 29-2 119-3 82-1 6-4 
        
SiO2 0 32 0 37 1 52 0 43 0 32 0 17 3 20 
CaO 1 26 0 50 2 42 1 00 1 07 0 62 2 68 
Y2O3 1 20 1 28 2 34 1 37 4 04 3 06 1 74 
La2O3 14 49 15 06 10 78 14 42 14 08 13 65 7 90 
Ce2O3 28 31 30 04 22 55 28 77 26 40 30 42 16 96 
Pr2O3 2 83 3 27 2 29 2 99 2 69 3 21 1 76 
Nd2O3 10 22 11 14 8 48 11 06 9 72 12 44 6 69 
Sm2O3 1 76 1 69 1 44 1 73 1 73 2 01 1 24 
Gd2O3 1 26 1 17 1 23 1 40 1 67 1 69 1 13 
ThO2 5 21 3 24 14 84 5 12 4 08 0 38 27 18 
UO2 0 55 0 12 0 47 0 13 1 00 0 42 0 41 
PbO 0 54 N/A 1 28 0 40 0 61 0 11 2 10 
P2O5 32 27 30 43 29 55 31 33 31 78 32 06 26 51 
        
Total 100 21 98 32 99 19 100 15 99 19 100 23 99 50 
        
Si4  0 012 0 014 0 059 0 016 0 012 0 007 0 129 
Ca2  0 051 0 021 0 101 0 041 0 044 0 025 0 116 
Y3  0 024 0 027 0 048 0 028 0 082 0 061 0 037 
La3  0 202 0 217 0 155 0 203 0 197 0 190 0 117 
Ce3  0 391 0 430 0 321 0 402 0 367 0 419 0 250 
Pr3  0 039 0 047 0 032 0 042 0 037 0 044 0 026 
Nd3  0 138 0 156 0 118 0 151 0 132 0 167 0 096 
Sm3  0 023 0 023 0 019 0 023 0 023 0 026 0 017 
Gd3  0 016 0 015 0 016 0 018 0 021 0 021 0 015 
Th4  0 045 0 029 0 131 0 044 0 035 0 003 0 249 
U4  0 005 0 001 0 004 0 001 0 008 0 004 0 004 
Pb2  0 005 N/A 0 013 0 004 0 006 0 001 0 023 
P5  1 030 1 008 0 973 1 013 1 021 1 022 0 904 




1 979 1 987 1 99 1 986 1 984 1 99 1 983 
Table 6. Representative EPMA analyses of monazite. Hut, 
Huttonite/cheralite; N/A, not analysed.
 Zone A Zone B Zone B* Zone C Zone C* Zone D huttonite 
ThO2_ZA wt%        
range 0.21–6.58 0.50–8.76 9.06–21.14 3.71–6.99 3.35–5.57 0.38–0.44 25.43–42.58 
mean 2.76 5.49 16.54 5.54 4.17 0.41 32.20 
        
point analyses       
ThO2 wt% 0.40–10.32 3.02–9.74 13.93–27.18 4.50–7.58 3.27–5.80 0.22–1.69 7.92–25.20 
Ce2O3 wt% 23.89–31.70 25.66–30.04 16.96–22.88 25.23–29.03 24.56–27.61 29.13–30.77 16.73–25.82 
Y2O3 wt% 0.75–2.84 0.93–3.77 1.71–2.30 1.85–3.61 2.04–5.10 2.37–3.06 1.64–2.80 
Th wt% 0.00–9.07 2.65–8.56 12.25–23.89 3.95–6.66 2.87–5.10 0.19–1.49 6.96–22.14 
Ce wt% 10.20–13.53 10.96–12.83 7.24–9.77 10.77–12.39 10.48–11.79 12.43–13.14 7.14–11.02 
Y wt% 0.30–1.12 0.37–1.48 0.67–0.91 0.73–1.42 0.80–2.01 0.93–1.21 0.65–1.10 
p(mnz) 0.81–1.01 0.85–0.95 0.04–0.15 0.87–0.93 0.89–0.93 0.97–1.00 0.01–0.09 
p(cher) 0.01–0.19 0.04–0.14 0.18–0.29 0.06–0.13 0.07–0.11 0.01–0.03 0.12–0.29 
p(hut) -0.02–0.04 -0.03–0.05 0.60–0.78 -0.01–0.01 -0.01–0.01 -0.02–0.00 0.62–0.87 
Th_ZA = zone average Th, p(mnz)= proportion of monazite end-member ( REE), p(cher)= proportion of cheralite end-member 
(2Ca2+), p(hut)= proportion of huttonite end-member (Th4++U4+-Ca2+). 
Table 7. Ranges of compositional variables for monazite zones. Th ZA wt% concentrations calculated from EPMA point 
analyses and compositional maps. All other variables calculated from EPMA point analyses.
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A B C C* DB*
commonly surrounds cores with components 
of both zones A and B. Zone C monazite has 
high Th_ZA (3.71–6.99 wt%; mean 5.54 wt%) and 
comparable Ce2O3_mnz (25.23–29.03; Table 6) to 
Zone B.
Zone C* monazite is found exclusively in 
sample ST16-09 and has the highest Y2O3_mnz 
concentrations of the zones (2.04–5.10 wt%). 
It has lower Ce2O3_mnz concentrations (24.56–
27.61 wt%) and Th_ZA concentrations in the 
range 3.35–5.57 wt % (mean 4.17 wt%; Table 6). 
Zone C* monazite typically has higher HREE 
concentrations (Table 6).
Zone D monazite occurs as small, elongate 
grains at the grain boundaries of apatite (Fig. 
5) in samples ST16-09 and STF26A. This zone 
has characteristically low Th_ZA contents 
(0.38–0.44), high Ce2O3_mnz (29.13–30.77) and 
(relatively) high Y2O3_mnz (2.37–3.06; Table 6). 
Zone D monazite typically has very low Si and Ca 
concentrations (Table 6).
Not all EPMA point analyses could be uniquely 
assigned to a monazite zone either due to 
mixing or zones being unresolvable at the 
scale of the EPMA maps. The zones A–D are 
described on the basis of analyses that could 
be unambiguously assigned to one zone. In 
both metapelitic and metapsammitic samples, 
ThO2_GA concentrations (weighed average Th 
concentrations from individual grains) are higher 
in granulite facies rocks than subsolidus samples 
with similar bulk compositions (Fig. 8b,c).
Monazite grains for every unique microstructural 
location were analysed (EPMA points and EPMA 
maps) to allow textural analysis of monazite 
composition. This analysis revealed limited 
microstructural control on the distribution of all 
monazite zones except zone D, which is limited to 
the grain boundaries of large apatite grains (see 
above). In samples ST16–31J, STF33P, STF16A, 
ST16–09, ST16-31A, STF33, STF04A, STF10B 
and STF26A there is no correlation between 
microstructural location and composition for 
zones A, B, B*, C and C*, such that monazite 
found at grain boundaries and as inclusions show 
the same type of zonation. In sample STF02B, 
rare grains of monazite composed wholly of 
zone A occur as inclusions in K-feldspar, with 
monazites in all other microstructural locations 
composed of both zones A and B monazite. In 
sample ST16-03C, there is one monazite grain 
wholly composed of monazite zone B, which 
Figure 8. Zone average and grain average thorium 
concentrations from Mt Staff ord. (a) Zone average ThO₂ 
wt% concentrations vs monazite zone. Monazite zones B* 
and C* are found exclusively within samples STF10B and 
ST16 09 respectively, see text for details;  (b) Grain average 
ThO₂ wt% concentrations for metapelite samples; (c) 
Grain average ThO₂ wt% concentrations for metapsammite 
samples. 
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is found in contact with xenotime. There are 
two grains which show breakdown (interpreted 
as retrogression) to a mixture of fi ner-grained 
allanite and apatite, one of which is included 
in biotite and the other of which is at a grain 
boundary between quartz and K-feldspar. Sample 
ST16-19A contains one instance of monazite 
with only zones A and B included in K-feldspar. 
All other monazite grains included in K-feldspar 
also contain zone C. In this sample, the only grain 
found to be wholly composed of zone C monazite 
occurs at the grain boundary between ilmenite, 
biotite and quartz, but other grains found in 
similar microstructural locations also contain 
monazite zone B.
6 DISCUSSION
6.1 Melt loss and the preservation of mona
zite
Previous studies of the Mt Staff ord terrane have 
established that up to 23% melt was produced at 
the highest metamorphic grade (Bartoli, 2017) 
and that a portion of this melt was subsequently 
extracted from the sequence (Palya et al., 2011; 
White et al., 2003) consistent with the decrease in 
biotite abundance across the terrane represented 
by the samples in this study. Monazite is present 
in all of the samples in this study and grains from 
the highest grade rocks preserve interpreted 
prograde zoning features (Fig.7). This indicates 
that monazite was stable up to the highest grades 
of metamorphism in the terrane.
Zr_WR from the studied samples (Fig. 3) 
increases with metamorphic grade in both 
metapelitic and metapsammitic lithologies, with 
this increase more pronounced in the metapelite 
samples. Typically Zr is highly compatible and 
partitions into zircon rather than melt (e.g. 
Rubatto & Hermann, 2007), and with increasing 
temperature, the mode of relatively Zr-rich 
minerals (e.g. garnet) also increases (Kohn, 
Corrie, & Markley, 2015). The concurrent increase 
in zircon proportion with metamorphic grade, 
particularly in the metapelite samples, suggests 
that in the Mt Staff ord rocks zircon did not 
participate in melting reactions to a large degree 
and that the Zr_WR concentration is a proxy for 
increasing melt loss from the residue. This trend 
supports the fi ndings of Bartoli (2017) and Palya 
et al. (2011) that melt was progressively lost 
for the Mt Staff ord terrane along the prograde 
path. Given the role of bulk rock Zr content on 
relative changes to zircon abundance between 
the rock types we have studied (Kelsey, Clark, & 
Hand, 2008; Yakymchuk & Brown, 2014), it is not 
possible to determine the relative abundance of 
melt loss in the pelite and psammite sequences 
uniquely from this dataset. That is, rocks with 
higher bulk Zr will record a proportionally smaller 
increase to zircon abundance with increasing 
temperature as a function of melt production and 
loss (Kelsey et al., 2008; Yakymchuk & Brown, 
2014), as seen for the metapsammites in Figure 
3, that is not uniquely a function of more or less 
melt loss than the metapelites.
6.2 Bulk rock trends in thorium distribution
GRS data from Mt Staff ord shows that there is 
an overall increase in Th_GRS concentration 
from amphibolite to granulite facies rocks (Fig. 
4; Alessio et al., 2018). In the granulite facies, 
the scatter in Th_GRS and Th_WR data is larger 
than in the amphibolite facies rocks (Fig. 4). This 
probably suggests small-scale diff erentiation 
in the granulite facies, consistent with greater 
heterogeneity of grain size and mineralogy in 
these samples due to the presence of coarse 
peritectic mineral-bearing leucosomes. Residual 
rocks segregated from leucosomes (“schlieren 
migmatites”; Fig. 4; White et al., 2003) show 
an increase in Th_GRS concentrations relative 
to subsolidus rocks with similar compositions, 
as well as an increase compared to Th_GRS 
concentrations in the leucosome-rich rocks in 
the same part of the sequence. Together these 
observations suggest that during melting Th 
preferentially partitioned into the residuum, 
which in turn suggests that with increasing melt 
fraction the residuum becomes more enriched 
in Th. This fi nding supports experimental data 
of Stepanov et al. (2012) in which Th strongly 
partitioned into monazite rather than silicate 
melt, with monazite commonly being retained in 
the residuum (Watt, 1995; Watt & Harley, 1993).
Th_WR concentrations for all investigated 
samples from Mt Staff ord are the same within 
error, however 2σ errors on these analyses are 
very large (~20 ppm) and thus analytical error 
masks any systematic trend that may be present 
in the whole rock budget of thorium for these 
samples. Mass balance approximations of the 
abundance and chemistry of monazite and other 
Th-bearing minerals (apatite, xenotime and 
huttonite) in the samples suggest that the whole 
rock concentration of thorium should increase 
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with metamorphic grade. This is consistent with 
trends in Th_GRS which show that thorium 
concentration (albeit from larger sample volumes 
than whole rock XRF chemistry) is preserved 
through the prograde sequence at Mt Staff ord, 
and enriched in the residue with respect to the 
melt fraction (Fig. 4).
6.3 Monazite distribution at Mt Staff ord
Monazite volume proportions in metapelitic 
samples broadly increase with increasing 
metamorphic grade (Fig. 6). The two lower 
amphibolite facies metapelitic samples, ST16-
31J and STF33, have signifi cantly diff erent 
proportions of monazite (0.020 and 0.003 vol% 
respectively). These samples also have markedly 
diff erent proportions of apatite, with 0.001 and 
0.072 vol% respectively, correlated with Ce_WR 
of 78 and 163 ppm, La_WR 36 ppm and 26 ppm and 
Ca_WR of 0.03 and 0.10 wt%, all respectively. This 
is interpreted to be a relic of source heterogeneity 
in the abundance of the phosphates or bulk-rock 
composition, with ST16-31J being a monazite-rich 
layer, and STF33P being a relatively monazite-
poor and LREE–calcium-rich layer. Elevated 
calcium content of a rock has been reported to 
increase the stability of apatite and/or allanite 
at the expense of REE-monazite (discussed 
further below; Spear & Pyle, 2010; Yakymchuk, 
2017). Monazite volume proportions increase 
consistently in the metapelitic samples from the 
upper amphibolite facies into the granulite faces, 
accompanied by a decrease in biotite abundance. 
In the metapsammitic samples, monazite volume 
proportions increase through the amphibolite 
facies and then decrease slightly in the granulite 
facies rocks (Fig. 6), suggesting that monazite 
is less stable in metapsammitic compositions 
than metapelitic compositions in the granulite 
facies. This may be a function of lower total LREE 
whole rock concentration in metapsammites 
compared to metapelites, a known control on 
monazite stability (e.g. Kelsey et al., 2008; Rapp 
et al., 1987; Rapp & Watson, 1986; Yakymchuk, 
2017). Furthermore, in granulite facies sample 
ST16-03C allanite occurs as rims on monazite 
in some cases (Fig. 7). Allanite is known to 
form by the breakdown of monazite in (sub-)
greenschist facies rocks (e.g. Budzyń, Harlov, 
Kozub-Budzyń, & Majka, 2017; Gieré & Sorensen, 
2004; Janots et al., 2007; Smith & Barreiro, 1990; 
Wing, Ferry, & Harrison, 2003), so these allanite 
rims likely represent breakdown of monazite on 
the retrograde path, and account for some of the 
decrease in monazite abundance in the granulite 
facies samples. The allanite in these rare cases 
is intergrown with apatite, and from raw EPMA 
map data the intergrowth has similar Th content 
to zone B monazite from the same grain.
In both lithologies, monazite grain size broadly 
increases with increasing metamorphic grade 
(Table 4). This is linked with decreasing numbers 
of monazite grains (Table 4), which suggests 
sample scale recrystallization of monazite and 
movement of thorium occurred, with increasing 
effi  ciency at higher grades, as monazite is the 
only major Th-bearing mineral in the samples. 
This may be a result of Ostwald ripening, where 
smaller grains are preferentially dissolved which 
facilitates the growth of new monazite on the 
crystal faces of larger grains (cf. Rapp & Watson, 
1986; Yakymchuk & Brown, 2014). Wholesale 
recrystallization of all monazite grains is 
unlikely as monazite grains from granulite facies 
rocks preserve compositional zones (A and B), 
predominantly within cores of grains, (Fig. 7; 
see Taylor, Kirkland, & Clark, 2016), which have 
consistent chemistry with monazite found in 
lower grade samples, interpreted as preservation 
of prograde zoning in these grains. 
Monazite in all samples is evenly (but not entirely 
homogeneously) distributed at the thin section 
scale, occurring at grain boundaries and within 
porphyroblasts in all mineralogical domains in 
the granulite facies samples. The total amount 
of monazite hosted as inclusions is higher in 
the granulite facies samples than the subsolidus 
amphibolite facies samples (total incl. mnz, Table 
4). This represents an important mechanism for 
retaining monazite in granulite facies rocks (e.g. 
Bea, 1996; Watson, Vicenzi, & Rapp, 1989). In 
all samples the majority of monazite is hosted 
at grain boundaries (67.64–94.05% in pelite 
samples, 71.93–97.89% in psammite samples, 
table 5), with slightly more monazite hosted at 
grain boundaries in the psammitic samples. The 
grainsize of monazite hosted at grain boundaries 
is also larger in the granulite facies samples 
relative to amphibolite facies samples, suggesting 
that monazite dissolution and reprecipitation 
was assisted by the mobility of monazite forming 
elements (REEs and Th) along grain boundaries. 
The grainsize of included monazite is typically 
<10μm and thus the internal variation of many 
included grains was irresolvable at the scale of 
the maps. Those grains for which internal zones 
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were resolvable record both prograde and peak 
monazite compositions.
Monazite throughout each thin section has ThO2_
GA concentrations that show no systematic 
variation with microstructural setting, except 
for where grains are wholly composed of zone 
D, discussed further below. This suggests that 
dissolution/reprecipitation processes occurred in 
a somewhat effi  cient manner, as grains become 
more systematically zoned with increasing 
metamorphic grade. Zones A–D are found 
in multiple samples and suggest that similar 
reactions and/or diff usion processes were in 
operation within the samples during the growth 
of monazite. Zones B* and C* are only found 
in samples STF10B and ST16-09 respectively, 
suggesting that these samples have distinct 
chemistries that allowed alternative reactions/
exchange mechanisms to dominate monazite 
growth.
6.4 Monazite forming reactions
In the following we explore possible reaction 
mechanisms by which monazite may have grown, 
taking into account (a) volume proportion 
changes; (b) microstructural location of 
monazite; (c) chemistry of monazite zones A–D; 
and (d) possible sources of LREE and Th.
Most studies linking monazite growth to silicate 
mineral reactions have focussed on garnet-bearing 
rocks or sequences (e.g. Corrie & Kohn, 2008; 
Kohn & Malloy, 2004; Pyle & Spear, 2003; Pyle et 
al., 2001) and have linked the Y concentration of 
monazite to Y-in-garnet and Y-in-xenotime (e.g. 
Pyle et al., 2001; Spear & Pyle, 2010). However, 
almost all the Mt Staff ord rocks are garnet- and 
plagioclase-absent (REE hosts), except in the 
leucosome (melt)-bearing granulite facies rocks 
(Greenfi eld et al., 1996; Rubatto et al., 2006). 
Therefore it is more diffi  cult to link monazite/
accessory mineral growth to major silicate 
mineral reactions for the Mt Staff ord samples, 
but K-feldspar is likely to play an important role 
as a LREE host/source (e.g. Rubatto et al., 2006), 
as is apatite (e.g.Yakymchuk, 2017).
Previously proposed monazite-forming reactions 
at amphibolite facies (e.g. Gasser, Bruand, Rubatto, 
& Stüwe, 2012; Janots et al., 2008; Tomkins 
& Pattison, 2007; Wing et al., 2003) generally 
contain allanite as a reactant and plagioclase as 
a product, neither of which is common in the Mt 
Staff ord samples. P–T equilibrium modelling of 
monazite and allanite (Spear, 2010; Spear & Pyle, 
2010) shows that the bulk rock CaO composition 
is one factor which has a dramatic eff ect on the 
stability of allanite and monazite (cf. Yakymchuk, 
Clark, & White, 2017). For a bulk rock CaO 
content of 1.08 wt%, the allanite-monazite phase 
transition occurs at ~450 ºC at 3 kbar, whereas in 
a composition with double the CaO content, the 
same transition occurs at ~700 ºC at the same 
pressure. This suggests that for the Mt Staff ord 
samples (all with CaO <1.08 wt%), any prograde/
detrital allanite would have been removed from 
the rocks a temperatures below 450 ºC, well 
below the minimum temperature estimate for the 
lowest grade samples (580 ºC). However, as there 
is no direct evidence for the presence of allanite 
below the amphibolite facies at Mt Staff ord, we 
cannot prove that it existed during prograde 
metamorphism. If allanite was not the Ca source 
for apatite (and monazite) then the source may 
have been pre-existing/ detrital apatite, or small 
amounts liberated from silicate minerals such as 
feldspar. The potential role for xenotime in this 
reaction is not clear.
 The concentration of Th in monazite is known 
to increase up temperature from both natural 
examples (e.g. Engi, 2017)and predictions from 
phase equilibria forward modelling (Yakymchuk 
et al., 2018). Zone A monazite is interpreted to 
have grown at temperature conditions lower 
than the recorded conditions in the lowest grade 
rocks exposed at Mt Staff ord (i.e. on the prograde 
path), since it has the lowest Th concentration 
of the three major zones (A–C) and is present in 
all samples except ST16-09. The heterogeneity 
of Th_ZA concentrations (and individual 
EPMA point analyses) in zone A monazite is 
large compared with other zones, and this may 
refl ect a larger proportion of detrital monazite 
with highly variable composition. Much of the 
monazite in the mid-amphibolite facies rocks 
where zone A monazite is most prevalent was 
too small to be analysed, and thus the full extent 
of this heterogeneity cannot be assessed. Zone 
A monazite may have been grown according to a 
reaction that involved the breakdown of allanite 
at lower temperatures (i.e. greenschist or lower 
amphibolite) than those previously proposed (e.g. 
Gasser et al., 2012; Janots et al., 2007; Rasmussen, 
Muhling, Fletcher, & Wingate, 2006; Tomkins & 
Pattison, 2007; Wing et al., 2003), although this 
cannot be assessed in these samples. 
Growth of monazite zones B and C are similarly 
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diffi  cult to link to precise mineral reactions. 
The progression of low Th cores (zone A) to 
higher Th rims (zones B and C) is contrary to 
the fi ndings of (Kohn & Malloy, 2004), where 
monazite evolved from high Th to low Th with 
prograde metamorphism. This was proposed to 
be due to stoichiometric constraints, with earlier 
monazite sequestering the majority of Th in the 
rock. Thus, later monazite (rims) were enriched 
in LREE because less thorium was available. This 
mechanism may explain the slight reduction in 
ThO2_ZA between zones B and C (see also Engi, 
2017). The increase in ThO2_ZA between zones 
A and B is concurrent with an increase in apatite 
volume proportion from the mid to the upper 
amphibolite facies. Both these trends are more 
apparent in the metapsammite samples and may 
have a causal relationship, where the increase in 
the stability (and therefore growth) of apatite 
makes the LREEs less available for the growth of 
monazite, and thus zone B monazite is more Th-
rich than zone A monazite. Simultaneously, melt 
has been lost from the system with metamorphic 
grade which likely results in an apparent increase 
in the volume of monazite with metamorphic 
grade, but limited extraction of thorium from 
the residue (see below). The slight decrease in 
Th between zone B and C monazite may refl ect 
the Rayleigh-like stoichiometric mechanism 
proposed by Kohn and Malloy (2004), or that 
some Th is lost to melt as a consequence of partial 
monazite dissolution (e.g. Stepanov et al., 2012).
Zone D monazite occurs exclusively around the 
margins of larger metamorphic apatite grains in 
the granulite facies samples (ST16-09, STF26A), 
and is interpreted to have formed by breakdown 
of apatite during the retrograde metamorphic 
history (Fig. 5; e.g. Harlov, Fo ̈rster, & Nijland, 
2002; Harlov, Wirth, & Förster, 2005). These 
same apatite grains have micro-inclusions of 
monazite (Fig. 5) which were too small to be 
analysed, but are interpreted to have formed 
during recrystallization of the apatite. Similarly, 
these large apatite grains also have grain margin 
xenotime associated with them, interpreted to 
have formed by the same breakdown process. 
6.5 Grain scale trends in thorium distribu
tion
In the metapelites, there is an upward trend in 
ThO2_GA until the upper amphibolite facies 
(sample STF16A), and the trend plateaus in the 
granulite facies (Fig. 8b). This coincides with 
the appearance of zones C and C* monazite 
in the granulite facies samples (ST16-09A and 
ST16-19A), both of which are lower in ThO2_ZA 
than zone B monazite, which predominates 
amphibolite facies samples (e.g. STF02B). In the 
metapsammite samples a similar trend is seen, 
however the granulite facies samples (ST1F26A 
and ST16-03C) continue the upward trend of the 
lower grade samples, with STF10B the outlier 
(Fig. 8c). The ThO2_GA concentrations in a given 
sample typically span ≤ 5 wt%, except in sample 
STF10B where it spans ~20 wt% (Fig. 8b). STF10B 
has several grains with systematically higher 
ThO2_GA contents than any other sample in the 
study. This sample contains a small population 
of monazites with compositions equivalent to 
zones A and B; however, the majority of the 
monazite analysed in the sample has signifi cant 
proportions of the huttonite end-member 
(zone B* monazite) and coexists with huttonite 
(Fig. 7). The whole rock chemistry of STF10B 
is similar to that of other samples (Fig. 3). The 
sample fi ts within the metapsammitic trends of 
both monazite abundance and the abundance of 
the other phosphates (Fig. 6). Furthermore, the 
Th_WR of the sample is the same as the other 
metapsammite samples within error (albeit 
with large analytical uncertainty). It is therefore 
unclear why this sample contains monazites with 
such high Th_mnz concentrations. The P2O5_WR 
content of sample STF10B is amongst the highest 
of all the metapsammite samples, so a defi ciency 
in P2O5 cannot explain why monazite in STF10B 
has such high huttonite component, or why 
huttonite is stable as a separate phase. A similar 
relationship between monazite and huttonite/
thorite was reported by Bingen, Demaiff e, and 
Hertogen (1996), which suggested that composite 
monazite/thorite grains were produced by 
the prograde breakdown of allanite. This may 
indicate that the protolith of STF10B contained 
allanite. However as there is no occurrence of 
allanite in the low grade samples in this study, and 
STF10B contains no relict allanite, this cannot be 
confi rmed. Alternatively, the protolith of STF10B 
may have contained more Th and P due to the 
sedimentary concentration of heavy minerals in 
this layer.
In all other metapsammite samples the range 
of ThO2_GA increases with metamorphic grade 
(Fig. 8b), but notably the spread of compositions 
within each monazite zone gets smaller (Fig. 
8a). Thus the spread of ThO2_GA in the mid 
19
Chapter 2 Thorium distribution in the crust
amphibolite facies samples  is representative of 
low grade and pre-metamorphic monazite of zone 
A, whereas the granulite facies samples represent 
within-grain averaging of zones A–C of various 
proportions, as well as zone C* grains. 
By sampling monazites across metamorphic grade, 
we can identify that a considerable proportion of 
monazite present in granulite facies rocks in the 
Mt Staff ord system was grown on the prograde 
path (Fig. 7). This is demonstrated by the 
increase in the total amount of monazite found 
as inclusions in both the pelitic and psammitic 
granulite facies samples relative to chemically 
similar subsolidus samples (total incl. mnz, 
Table 4).The ThO2_ZA concentrations of zone C 
monazite, interpreted by its presence exclusively 
within granulite facies rocks to have grown at 
granulite facies conditions, shows considerable 
overlap with monazite compositions from zones 
A and B. Combined with the large proportion of 
zone A and B monazite in granulite facies samples, 
this helps explain that Th is not depleted in the 
residual rocks in this study (as shown by trends 
in Th_GRS) due to the retention of considerable 
proportions of high-Th monazite from lower 
metamorphic grades in high grade (granulite 
facies) rocks. 
Monazite-melt partitioning coeffi  cients for 
Th (Stepanov et al., 2012) show that Th is 
approximately 30% more compatible in monazite 
than the LREE, resulting in an increasing Th/La 
ratio in monazite with increasing temperature 
in their melting experiments. The implication 
in melt-bearing systems is that monazite 
compositions with become increasingly Th-rich 
up to the point of total dissolution. Additionally, 
monazite has been shown to be stable to higher 
temperatures in open systems where melt 
extraction is effi  cient (Yakymchuk & Brown, 
2014). When the relative proportions of monazite 
and melt are taken into account (typically 0.001–
0.05% and 1–25% respectively), Dmnz/liq dictates 
that Th in the residue (i.e. monazite) is equal 
to or greater than Th in melt for typical pelitic 
compositions (ThO2–in–mnz = 1–6%, Th_WR = 
20–40 ppm), which provides a mechanism for the 
retention of Th in residual rocks.
6.6 Retention of thorium in granulite facies 
terranes
The Mt Staff ord sequence can be considered 
an endmember in terms of metasedimentary 
composition (low Ca) and geothermal gradient. 
However, as shown by Alessio et al. (2018) 
thorium is retained in the residuum well into the 
granulite facies in several terranes worldwide. 
Additionally, retention of monazite and thus 
thorium into the granulite facies was previously 
reported for several terranes (e.g. Bea & Montero, 
1999; Bingen et al., 1996; Gasser et al., 2012; 
Rubatto, Williams, & Buick, 2001) suggesting 
that the results presented here represent 
common mid-deep crustal processes. However, 
there are terranes that potentially have lower 
Th concentrations in granulite facies rocks with 
respect to their amphibolite facies counter parts 
(e.g. the Superior Province, Canadian Shield; 
Ashwal, Morgan, Kelley, & Percival, 1987) which 
cannot be explained by the same partial melting 
processes that occurred at Mt Staff ord.
The destabilisation of monazite in granulite facies 
rocks may be caused by a range of factors including 
bulk-rock composition, P–T history, melting and 
melt extraction history, and fl uid infl ux. Monazite 
is known to be most stable in rocks of metapelitic 
composition. High bulk-rock calcium contents 
can result in the destabilisation of monazite at 
lower temperatures, as can low bulk rock silica 
contents (e.g. Kelsey et al., 2008; Spear & Pyle, 
2002). However, we show in this study that 
monazite and Th can be retained in rock of both 
pelitic and psammitic composition along steep 
geothermal gradients, both as inclusions within 
major phases and at grain boundaries. Modelling 
studies by Kelsey et al. (2008), Yakymchuk (2017) 
and Yakymchuk and Brown (2014) suggest that 
monazite solubility in silicate melt has limited 
pressure dependence. Therefore, despite the high 
geothermal gradient of the Mt Staff ord terrane 
it is likely that the results presented here are 
applicable to other low-Ca metapelites which 
attained higher pressure conditions. 
The results presented here, in combination with 
experimental studies (e.g. Stepanov et al., 2012) 
suggest that partitioning of Th into monazite over 
melt sequesters the majority of bulk rock Th from 
the original source rocks while monazite remains 
stable. Modelling in Yakymchuk (2017) indicates 
that in an open system (with incremental 
melt loss) monazite may be stable well into 
UHT granulite facies conditions (>900C). 
The Mt Staff ord granulite facies rocks reached 
temperatures of 820C (Bartoli, 2017), which is 
below the predicted monazite 100% dissolution 
contours of Yakymchuk (2017) for rocks of pelitic 
composition with similar LREE and P budgets. 
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Therefore, for the pelitic residue to be depleted 
in Th, the wholesale dissolution of monazite may 
be required and thus temperatures in excess of 
900C.
Monazite is also known to be unstable in fl uids of 
particular compositions (e.g. brines, aluminous 
melts; Budzyń , Harlov, Williams, & Jercinovic, 
2011; Hetherington, Harlov, & Budzyń, 2010). 
However, the deep continental crust is widely 
considered to be largely fl uid absent (White, 
Pomroy, & Powell, 2005; White & Powell, 
2002). Additionally, fl uid absent partial melting 
is interpreted to be the main process of melt 
generation, both in the examples of Th rich 
granulite facies above and in the mid–lower crust 
as a whole (Brown & Korhonen, 2009). Therefore 
regional depletion of Th in residual rocks by 
fl uids would require pervasive fl uid infl ux at a 
terrane scale.
7 CONCLUSIONS
Mt Staff ord is a low pressure, low-strain terrane 
with signifi cant fi eld and microtextural evidence 
of partial melting and some evidence for melt 
extraction. Whole-rock thorium concentration 
is preserved at even the highest grades of 
metamorphism both at the outcrop and micro-
scales. This suggests that the process of partial 
melting of mid-lower crustal metapelites does 
not result in the broad-scale destabilisation of 
monazite, and thus bulk movement of thorium 
into silicate melt and out of residual crust (see 
also Alessio et al., 2018). Therefore, in terranes 
that contain thorium-depleted residual rocks, 
other factors must be involved, potentially 
including: diff erences in composition, resulting 
in the destabilisation of monazite at lower 
temperatures; attainment of higher peak 
temperature conditions; or infl ux of fl uid and/or 
diff erent melting styles.  
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Sample STF01 STF02a STF02b STF03 STF04a STF05 STF06 STF07 STF08 STF09 STF10B 
Easting (mE) 251144  251197  251197  251220  251292  251489  251909  252005  251917 252042 252150 
Southing (mS) 7562280 7562283 7562283 7562292 7562338 7562609 7562824 7562914 7563411 7563491 7563754 
Major elements (%) 
       
   
SiO2 56.95 62.52 55.39 74.91 83.2 57.95 56.21 62.28 77.94 54.83 75.16 
TiO2 0.58 0.59 0.61 0.46 0.32 0.6 0.66 0.61 0.39 0.64 0.47 
Al2O3 22.77 20.3 24.43 12.67 8.84 22.65 24 19.99 11.23 26.49 13.17 
Fe2O3T 9 6.59 8.06 4.35 1.77 7.92 7.59 6.05 3.79 6.32 4.48 
MnO 0.11 0.19 0.13 0.06 0.06 0.09 0.12 0.08 0.11 0.09 0.13 
MgO 2.72 2.13 2.6 1.25 0.48 2.38 2.39 1.97 1.05 2.11 1.35 
CaO 0.48 0.29 0.34 0.63 0.66 0.25 0.32 0.3 0.78 0.37 0.71 
Na2O 0.4 0.38 0.62 0.86 1.05 0.81 0.98 1.2 0.72 1.44 0.74 
K2O 5.98 5.92 6.64 3.84 2.41 6.15 6.49 6.34 3.12 6.46 3.25 
P2O5 0.14 0.09 0.13 0.11 0.11 0.14 0.13 0.14 0.10 0.16 0.11 
Total 100.87 100.75 101.01 99.85 100.01 99.6 100.34 99.75 100.08 99.8 100.46 
LOI 1.74 1.75 2.06 0.71 1.11 0.66 1.45 0.79 0.85 0.89 0.89 
Fe2O3 1.04 n/a n/a 0.37 0.27 n/a n/a n/a n/a n/a n/a 
FeO 7.16 n/a n/a 3.58 1.35 n/a n/a n/a n/a n/a n/a 
Trace elements (ppm) 
      
   
Rb 342.1 340.3 380.7 235.3 96.4 339.1 368.2 280.2 172.2 366.1 161.8 
Sr 28 185 106 35 57 49 95 60 192 42 121 
Y 23.4 26.6 34.2 23.1 24.7 28.2 29.3 28.6 20.1 37 24.1 
Zr 85 156 118 200 335 102 119 151 245 101 251 
V 76 84 92 47 27 77 89 65 44 86 60 
Ni 46 40 42 28 16 45 53 38 25 47 31 
Cr 52 73 70 38 25 64 78 61 48 72 59 
Nb 17.6 16.1 16.6 14.5 10 16.1 17 15.6 12 18.3 13.5 
Ga 32.2 30.7 34.2 19.9 12.6 32.7 34.5 29.1 16.9 41.2 20.2 
Cu 38 18 37 12 8 21 16 18 14 17 16 
Zn 144 100 111 65 27 123 119 97 63 89 73 
Co 27 18 17 11 1 23 22 16 7 17 11 
Ba 804 829 913 535 487 911 1002 1326 719 1415 521 
La 41 40 45 39 46 42 42 45 37 48 41 
Ce 106 90 108 70 80 106 119 112 87 140 84 
U 0.25 0.7 0.5 1.8 3.2 0.25 1.1 1.5 0.9 5 1.2 
Th 39 26.8 33.5 34 37 35.1 33.7 30.3 31 33 33.7 
Sc 15 12 14 7 2 15 16 12 4 18 6 
Pb 11 16 17 9 14 19 1 22 15 13 13 
Supplementary Table S2.1.1. Whole rock geochemistry for Mt Staff ord samples. Sample locations are in UTM coordinates 
using WGS84 datum, zone 53K. n/a, not analysed.
APPENDIX S2.1: WHOLE ROCK GEOCHEMISTRY FOR MT STAFFORD 
SAMPLES.
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Sample 





Easting (mE) 252321 252343 252343 252677 252677 252677 252677 253577 253577 253577 253577 
Southing (mS) 7563936 7564021 7564021 7564418 7564418 7564418 7564418 7564417 7564417 7564417 7564417 
Major elements (%) 
       
   
SiO2 71.74 58.64 70.01 55.53 64 38 74.46 70.45 60.92 56.69 66.39 56.96 
TiO2 0.56 0 57 0.58 0.59 0.58 0.47 0.6 0.52 0.58 0.62 0.45 
Al2O3 13 98 21.63 14.39 24.73 19 16 13.46 15.44 21.42 24.13 18.68 24.59 
Fe2O3T 5.25 6.63 5.71 7.83 6.22 4.42 5.85 4.72 6.5 8 15 6.86 
MnO 0.08 0.07 0.06 0.06 0.09 0.06 0.07 0.07 0.07 0.08 0.08 
MgO 1.58 1 95 1.6 2.03 1.93 1 13 1.67 1.46 2.06 2 54 2.06 
CaO 0.53 0 31 0.74 0.21 0.22 0 11 0.19 0.36 0.19 0 25 0.21 
Na2O 1.03 1 58 1.54 1.23 0.90 0.46 0.51 1.59 1.27 0 54 1.12 
K2O 4.37 7 22 4.38 6.62 5.57 4 33 4.38 8.02 7.42 1.85 6.52 
P2O5 0.11 0 13 0.1 0.13 0.13 0.09 0.12 0.14 0.12 0 10 0.13 
Total 100.24 100.3 100.18 99.68 100.48 100.07 100.35 99.69 99.62 100.62 100.19 
LOI 1.01 1 57 1.07 0.72 1.30 1.08 1.07 0.47 0.59 1.42 1.21 
Fe2O3 n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a 
FeO n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a 
Trace elements (ppm) 
      
   
Rb 232.7 432 273.9 407.7 349.5 250.2 273.7 443.3 408.4 109 379.2 
Sr 167 158 201 49 94 90 80 68 44 49 75 
Y 12.8 19.1 14.1 28.5 19.6 15.9 16.7 16.5 28.6 57 33.9 
Zr 184 119 187 92 169 235 200 95 99 221 125 
V 67 81 72 69 76 53 69 54 65 79 79 
Ni 32 41 35 38 38 27 41 35 43 62 54 
Cr 76 89 79 60 68 64 81 67 67 88 86 
Nb 16 5 14.9 15.7 16.7 17.7 12.1 18.6 14.6 13.8 14.9 16.5 
Ga 22 28.9 21 34.5 28.2 20.7 24.7 28.2 33.7 32.8 36.8 
Cu 19 24 18 41 7 15 16 6 19 78 33 
Zn 89 105 86 115 93 69 80 102 114 92 138 
Co 14 17 14 18 14 9 18 8 17 29 20 
Ba 735 1382 926 1060 706 665 677 1029 926 236 923 
La 28 38 29 42 35 37 31 33 39 37 39 
Ce 66 102 62 109 82 73 69 76 89 87 95 
U 0.25 0 25 0.25 0.25 0.25 0.6 0.5 0.25 1.8 0 5 0.25 
Th 23 5 22.2 19.5 35.2 29.6 30.5 26 22.5 32.4 36.4 30.6 
Sc 9 12 8 13 8 5 10 8 10 13 13 
Pb 19 24 20 23 19 28 16 36 34 10 33 
Sample STF18d STF20 STF21a STF21b STF21c STF22 STF24 STF25 STF26a STF26b STF27 
Easting (mE) 253577 254680 254335 254335 254335 262960 264386 262889 260269 260269 260230 
Southing (mS) 7564417 7565053 7565037 7565037 7565037 7559749 7562415 7565775 7563397 7563397 7563459 
Major elements (%) 
       
   
SiO2 70.43 79.59 74.95 76.43 58.82 74.64 73.2 77.86 73.69 74.34 74.63 
TiO2 0.59 0.44 0.51 0.43 0.71 0 31 0.38 0.25 0.55 0 57 0.54 
Al2O3 15.86 9.81 12.89 12.43 22.74 13.62 12.25 11.15 12.78 12.91 12.2 
Fe2O3T 6.17 3.61 4.28 4.22 6.79 2.49 4.1 2.18 6.61 6.02 4.23 
MnO 0.07 0.06 0.06 0.05 0.09 0.05 0.08 0.04 0.11 0.09 0.08 
MgO 1.83 1 13 1.19 1.19 2.07 0.71 1.41 0.30 1.83 1.64 1.25 
CaO 0.22 0 96 1.00 0.39 0.33 1 15 2.59 0.86 0.47 1.01 0.93 
Na2O 0.66 1.41 1.08 0.75 1.22 1 94 2.06 1.77 0.59 0 94 1.39 
K2O 3.26 2.69 2.98 3.2 6.23 4 23 3.52 4.74 2.36 1 93 3.22 
P2O5 0.13 0 11 0.11 0.11 0.12 0 13 0.10 0.11 0.10 0 10 0.11 
Total 99.71 100.54 99.55 99.72 99.72 100.08 100.55 100.05 100.34 99.64 100.21 
LOI 0.49 0.73 0.5 0.52 0.6 0.81 0.86 0.79 1.25 0.09 1.63 
Fe2O3 n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a 
FeO n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a 
Trace elements (ppm) 
      
   
Rb 167.8 140.3 159.9 154.3 343 258.9 208.3 550.3 119.4 91.5 137.1 
Sr 32 96 67 42 75 102 107 42 57 32 210 
Y 28 5 18.7 20.4 20 24 1 9 5 18.3 60.1 23.5 25.3 19.1 
Zr 198 349 234 213 128 196 277 248 260 206 340 
V 53 45 45 39 72 30 46 17 64 54 57 
Ni 40 26 26 27 46 16 24 9 38 33 29 
Cr 39 56 50 34 68 32 40 11 81 49 69 
Nb 16.8 13.3 15.2 11.4 19 2 10.8 9.8 12.6 13.8 12.1 12.7 
Ga 24 9 17.1 19.2 18.6 33 5 20.8 17.4 17.9 20.1 20.5 18.3 
Cu 12 8 6 12 10 12 11 11 7 6 8 
Zn 75 47 64 63 111 37 45 33 134 117 64 
Co 19 6 9 8 17 1 8 0.5 21 18 9 
Ba 603 517 504 521 798 462 412 201 516 472 903 
La 39 38 39 34 37 29 32 36 40 39 39 
Ce 80 83 64 69 78 56 76 71 83 73 79 
U 1.7 1 3 1.3 2.6 1.6 0 25 0.25 1.8 0.25 1 3 1.6 
Th 42 2 38.8 29.1 36.6 31.8 25.3 25.2 65.1 25.3 29.2 31.9 
Sc 8 4 8 6 11 3 7 3 17 12 5 
Pb 17 14 18 8 19 17 6 21 14 17 11 
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light STF29 STF30 STF31a STF31b STF31af STF32 STF33 STF33P 
ST16-
31G 
Easting (mE) 260116 260116 260031 260031 246946 246946 246946 247181 247199 247199 241394 
Southing (mS) 7563459 7563459 7563436 7563436 7562150 7562150 7562150 7562335 7562360 7562360 7567785 
Major elements (%) 
       
   
SiO2 50.47 56.79 79.91 55.1 77.69 71.37 77 28 81.02 76.73 58.92 56.76 
TiO2 1.31 0.6 0.43 0.59 0.38 0.56 0.38 0 34 0.37 0.54 0.62 
Al2O3 26.27 23.8 9.75 24.06 11.3 14.23 10 9 8.72 11.17 21.06 24.87 
Fe2O3T 13.34 7.48 3.21 7.3 3.06 5.03 3.21 1.86 4.2 7.13 6.7 
MnO 0.09 0.05 0.08 0.62 0.06 0.06 0.24 0.03 0.04 0.07 0.08 
MgO 4.12 2.26 0.84 2.36 0.92 1.64 0.95 0 51 1.32 1.89 2.42 
CaO 0.11 0.26 1.44 1.06 0.62 0.15 0.89 0 27 0.44 0.10 0.07 
Na2O 0.12 1.05 1.46 2.83 1.48 0.24 1.84 0.78 0.98 0.44 0.48 
K2O 0.57 6.94 2.03 4.67 3.36 4.88 3.12 5 31 2.97 6.04 7.88 
P2O5 0.06 0.12 0.09 0.13 0.10 0.11 0.11 0 11 0.09 0.10 0.05 
Total 98.39 100.73 99.89 100.95 100.31 100.71 100.09 99.77 100.13 100 23 103.45 
LOI 1.93 1.38 0.65 2.23 1.34 2.44 1.17 0.82 1.82 3.94 3.52 
Fe2O3 n/a n/a n/a 0.62 0.52 1.10 0.38 n/a n/a n/a 2.78 
FeO n/a n/a n/a 6.01 2.29 3.54 2.55 n/a n/a n/a 3.53 
Trace elements (ppm) 
      
   
Rb 58.7 322.8 75.5 224.1 182.4 330.2 166.7 279.8 199 409 480.5 
Sr 19 138 196 216 93 17 141 65 85 61 32 
Y 31.7 20.3 18.9 38.3 21.5 37.5 27 2 9 9 22.2 13.6 21.6 
Zr 178 126 326 84 222 273 229 340 224 117 179 
V 178 88 39 76 44 62 42 30 43 81 55 
Ni 71 55 20 49 20 31 19 15 29 55 53 
Cr 147 95 61 60 43 43 35 46 54 78 96 
Nb 32.2 14.1 10.2 16.7 13 15.7 12 11.8 12.4 15.7 18.6 
Ga 42 30.8 15.3 32.7 17.6 23.9 17 5 10.2 17.2 32.2 36 3 
Cu 13 8 7 7 14 17 13 10 9 34 23 
Zn 137 115 41 160 51 87 51 15 73 118 101 
Co 53 21 4 23 4 8 3 0 5 9 19 13 
Ba 62 1378 648 987 774 700 1118 849 567 884 1268 
La 50 46 43 46 35 55 38 30 43 26 42 
Ce 111 120 79 101 63 104 82 100 75 163 95 
U 1.2 0.25 0.5 1.1 4.9 2.4 5.2 0 9 0.7 0.8 0.25 
Th 48 30.6 23.7 34 34 48 33 36.9 27.2 33.6 28 
Sc 23 11 4 10 6 9 5 2 5 15 14 












03C ST16-04 ST16-05 
ST16-
07B ST16-09 
Easting (mE) 241394 258537 258537 258537 258476 258476 258476 258479 258534 259078 259078 
Southing (mS) 7567785 7566097 7566097 7566097 7565983 7565983 7565983 7565972 7566127 7566925 7566925 
Major elements (%) 
       
   
SiO2 56.76 82.45 60.97 73.73 76.73 69.24 73.92 69.26 53.58 55.4 56.38 
TiO2 0.61 0.26 0.69 0.54 0.3 0.61 0.49 0 51 0.77 0.68 0.52 
Al2O3 24.85 7.72 21.24 13.43 12.35 15.71 13.74 16.77 27.51 25.18 25.13 
Fe2O3T 6.8 2.1 6.56 4.76 2.65 5.91 4.57 5.07 6.97 6.03 6.9 
MnO 0.08 0.33 0.09 0.07 0.05 0.1 0.07 0.06 0.09 0.08 0.1 
MgO 2.4 0.56 2.37 1.44 0.82 1.99 1.48 1.75 2.69 2.74 2.31 
CaO 0.07 6.26 0.43 1.05 0.92 0.74 0.84 0.61 0.59 0.80 0.36 
Na2O 0.48 0.15 1.45 1.32 1.93 1.19 1.49 1 53 1.57 2.3 1.37 
K2O 7.83 0.02 6.41 3.24 4.3 4.34 3.63 4.04 5.85 6.55 6.66 
P2O5 0.06 0.08 0.13 0.14 0.14 0.08 0.07 0.09 0.16 0.14 0.15 
Total 103.61 100.28 101.67 100 9 100.8 101.01 101.25 100.84 100.9 101.53 101.04 
LOI 3.67 0.35 1.33 1.18 0.61 1.1 0.95 1 15 1.12 1.63 1.16 
Fe2O3 2.88 0.06 0.55 0.45 0.15 0.10 0.57 0 35 0.62 0.75 0.50 
FeO 3.53 1.84 5.41 3.88 2.25 5.23 3.6 4 25 5.71 4.75 5.76 
Trace elements (ppm) 
      
   
Rb 488.1 1.4 271 154.4 212.5 242.5 187.6 202.6 341.1 278.1 284.4 
Sr 31 215 198 168 151 138 117 121 135 192 134 
Y 22 45.5 20.5 21.1 17 11.8 19.6 12.1 29.7 35 32.1 
Zr 178 328 171 275 225 239 273 203 166 151 120 
V 57 23 95 71 40 79 57 58 120 143 135 
Ni 52 12 29 28 16 35 27 26 57 38 43 
Cr 103 65 88 85 56 80 78 81 91 87 75 
Nb 18.4 7.3 16 14.7 10 15 13.4 15.2 19.2 21.1 15.4 
Ga 36.6 12.3 30.2 20 16.9 23 20.5 25 39.2 36.9 35.9 
Cu 27 65 13 18 18 44 49 18 8 15 17 
Zn 100 32 117 72 51 85 65 69 86 87 93 
Co 11 1 17 9 1 15 8 12 15 15 17 
Ba 1282 104 1250 751 591 942 852 974 1708 1730 1014 
La 40 44 40 37 27 29 34 26 61 55 41 
Ce 91 65 100 75 49 64 74 48 164 139 93 
U 0.25 3 0.25 1.9 0.25 0.25 1.2 0 25 0.25 2.5 0.25 
Th 29.2 18.4 29.1 26.3 17.5 29 29.6 21.8 38.4 32.6 25.1 
Sc 14 4 8 8 4 9 4 5 16 13 12 
Pb 10 15 28 17 20 16 16 24 29 37 20 
25




13B ST16-14 ST16-15 
ST16-











Easting (mE) 259976 259976 259362 259369 259320 258861 259139 259976 259976 241394 241394 241394 
Southing (mS) 7564102 7564102 7563665 7563298 7563275 7562864 7563105 7564102 7564102 7567785 7567785 7567785 
Major elements (%) 
       
    
SiO2 50 82 57 25 49 83 82 25 67 65 53 63 54 78 47 73 82 18 58 94 56 9 50 82 
TiO2 1 21 0 76 0 56 0 34 0 7 0 98 0 74 1 15 0 31 0 55 0 58 1 21 
Al2O3 25 88 23 55 23 18 9 16 16 54 24 6 25 18 27 55 9 26 23 34 25 15 25 88 
Fe2O3T 14 84 7 09 17 64 2 4 6 92 10 86 9 55 16 91 2 63 7 13 7 68 14 84 
MnO 0 2 0 08 0 2 0 13 0 07 0 25 0 11 0 31 0 05 0 06 0 07 0 2 
MgO 3 9 2 5 2 75 0 64 2 22 3 29 3 2 4 5 0 75 2 4 2 33 3 9 
CaO 0 23 0 64 0 51 3 37 0 24 0 25 0 33 0 44 0 64 0 02 0 03 0 23 
Na2O 0 68 1 82 1 17 1 42 0 85 1 2 1 17 0 43 1 24 0 65 0 68 0 68 
K2O 2 22 5 82 3 84 0 23 4 39 4 57 4 58 0 79 2 76 6 67 6 26 2 22 
P2O5 0 10 0 12 0 11 0 14 0 10 0 10 0 20 0 20 0 1 0 04 0 05 0 10 
Total 102 14 102 78 102 15 100 36 100 14 101 16 100 59 100 43 100 62 103 09 104 15 102 14 
LOI 2 06 3 15 2 36 0 28 0 46 1 43 0 75 0 42 0 7 3 29 4 42 2 06 
Fe2O3 1 78 1 23 3 58 0 10 0 59 0 81 0 50 1 78 0 46 2 33 2 19 1 78 
FeO 11 75 5 27 12 65 2 07 5 7 9 04 8 14 13 61 1 95 4 32 4 94 11 75 
Trace elements (ppm) 
      
    
Rb 253 8 133 5 241 9 140 5 8 4 178 6 180 4 228 9 60 7 128 4 452 4 448 
Sr 150 72 155 152 151 173 123 148 60 105 79 74 
Y 18 1 212 25 4 283 3 33 1 18 3 77 4 22 7 156 1 19 8 23 5 24 7 
Zr 192 298 151 147 291 267 188 166 283 265 115 118 
V 123 157 91 193 46 82 130 113 160 40 90 90 
Ni 56 74 55 55 16 49 66 66 72 18 45 54 
Cr 108 120 80 162 41 93 105 94 135 56 84 86 
Nb 17 5 18 15 5 5 9 8 7 16 20 16 6 19 6 10 2 15 8 16 6 
Ga 31 8 34 7 33 3 25 5 13 2 24 4 33 4 35 3 37 2 14 5 33 9 35 
Cu 22 67 16 82 14 19 19 25 37 13 21 34 
Zn 97 141 116 191 37 100 128 117 174 45 108 107 
Co 23 49 17 46 1 20 32 29 56 2 16 17 
Ba 1673 616 1462 723 216 1138 1311 956 164 587 941 1011 
La 47 71 66 74 41 43 48 53 70 47 40 36 
Ce 126 173 129 176 71 86 118 132 159 80 88 78 
U 0 25 0 9 0 25 0 25 4 8 0 25 0 25 0 25 2 7 2 5 0 25 0 25 
Th 33 7 55 9 32 2 39 3 27 31 6 36 3 38 1 60 5 30 4 30 32 5 
Sc 13 53 2 81 2 5 19 2 41 2 13 14 
Pb 24 10 30 22 1 26 27 20 8 12 23 11 
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Thorium zoning in monazite: a case study from the 
Ivrea–Verbano Zone, NW Italy
ABSTRACT 
Metamorphism and partial melting of the lower crust is commonly assumed to cause depletion in heat 
producing elements (HPEs; K, U, Th). In the deep crust, volumetrically subordinate metasedimentary 
layers, which are source to crustal granites (sensu lato), host the majority of Th ± U, primarily within the 
REE+Th+U+Y phosphate mineral monazite. We examine the spatial and temporal distribution of Th 
within monazite grains in metasedimentary rocks from the lower crustal section of the Ivrea–Verbano 
Zone (Italy), using textural, compositional and geochronological data. We link this to outcrop and 
regional scale trends described by in-fi eld gamma-ray spectrometry (in-fi eld GRS) data for the purpose 
of understanding how Th distribution is controlled by progressive metamorphism and partial melting. 
In-fi eld GRS data shows that the whole rock budget of Th does not change between granulite-facies 
rocks and their unmelted equivalents, but is signifi cantly lower in rocks that have undergone more 
signifi cant melt loss at ultra-high temperature (UHT) conditions. Concurrently, the bulk Th budget 
of monazite increases with metamorphic grade to granulite-facies conditions, and is greatly reduced 
in UHT samples. Monazite U-Pb geochronology shows regionally elevated temperatures facilitating 
monazite growth spanning >60 Ma, in particular recording timing of pre-peak to peak metamorphic 
conditions. Monazite is preserved at all metamorphic grades and presents a mineralogical mechanism 
for retaining Th in residual deep crust during partial melting and after melt loss. 
1 INTRODUCTION
Monazite is a common accessory mineral in 
clastic metasediments across a wide range 
of pressure and temperature conditions and 
tectonic settings in the crust (e.g. Engi, 2017; 
Parrish, 1990). Its utility and signifi cance far 
outweighs its low modal abundance: monazite 
is an important geochronometer for high 
temperature crustal processes and the major host 
of Th—a major heat producing element—in the 
crust. Despite extensive study of the chemical 
behaviour of the rare earth elements (REEs) 
and Y in monazite (e.g. Bea & Montero, 1999; 
Kelly, Harley, & Möller, 2012; Pyle & Spear, 2003; 
Taylor, Kirkland, & Clark, 2016; Yang & Pattison, 
2006) and experimental studies including 
Th in the monazite–melt system (e.g. Rapp, 
Ryerson, & Miller, 1987; Rapp & Watson, 1986; 
Stepanov, Hermann, Rubatto, & Rapp, 2012), the 
behaviour of Th-in-monazite with progressive 
metamorphism is under-explored. Thus, the 
changing chemical concentration and zoning of 
Th and bulk Th content of monazite grains as a 
function of pressure, temperature and bulk rock 
composition remains unclear. 
Previous studies have successfully linked 
chemical zoning of Ce or Y in metamorphic 
monazite to mineral reactions involving garnet, 
apatite, xenotime and melt (Corrie & Kohn, 2008; 
Dumond, Goncalves, Williams, & Jercinovic, 
2015; Kohn & Malloy, 2004; Pyle & Spear, 1999, 
2003; Rubatto, Hermann, & Buick, 2006; Smith 
& Barreiro, 1990; Wing, Ferry, & Harrison, 2003). 
However, to date, studies that have focused 
on Th behaviour in particular are few (Chapter 
2; Bea & Montero, 1999; Bingen, Demaiff e, & 
Hertogen, 1996; Skrzypek et al., 2018; Watt, 1995) 
and studies reporting Th zoning in monazite have 
produced seemingly contradictory results (e.g. 
decreasing Th from core to rim; Kohn & Malloy, 
2004; Th-in-monazite is constant or increases 
with metamorphic grade; Chapter 2; Skrzypek et 
al., 2018). Chapter 2 and recent work by Skrzypek 
et al. (2018), both on low pressure terranes, 
identifi ed monazite chemical zones in prograde 
metamorphic sequences. These monazite zones 
showed a systematic progression of increasing 
Th from the lowest to highest grade rocks. In Mt 
Staff ord this retention of Th in monazite resulted 
in the retention of Th in granulite-facies rocks 
despite signifi cant partial melting and interpreted 
melt loss (Chapter 2; Bartoli, 2017; Palya, Buick, & 
Bebout, 2011). In this study, we explore bulk Th 
and monazite chemistry in the higher pressure 
Ivrea–Verbano Zone to explore similarities and 
diff erences in the record of monazite formation 
in these terranes.
Sections of metasedimentary sequences that 
expose a continuous and well constrained 
metamorphic gradient are the best targets to 
investigate monazite composition over a P–T 
range. The Ivrea–Verbano Zone (IVZ) in northern 
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& Tarney, 1984). The sequence is intruded to 
the SW by a large mafi c body (‘Mafi c Complex’, 
Fig. 1), the upper part of which has a narrow 
contact aureole (~1 km wide) that overprints the 
regional metamorphic fi eld gradient (Barboza 
& Bergantz, 2000; Barboza, Bergantz, & Brown, 
1999). The minimum P–T conditions adjacent to 
the CMB line, as constrained by thermodynamic 
forward modelling, are <3.5–7.9 kbar and <640–
710 C (Redler et al., 2012). The maximum P–T 
conditions in the continuous metasedimentary 
sequence, as determined by thermodynamic 
forward modelling, are >9.5 kbar and >870 C 
(Kunz & White, 2019; Redler et al., 2012)NW 
Italy, but higher temperatures up to 1100 °C 
are recorded by Zr-in-rutile thermometry in the 
slivers of metapelites (“septa”) within the Mafi c 
Complex (Ewing, Rubatto, & Hermann, 2014; 
Pape, Mezger, & Robyr, 2016). The metamorphic 
fi eld (thermal) gradient in Val Strona di Omegna is 
approximately 70 C/kbar based on the published 
P–T results (Kunz & White, 2019; Redler et al., 
2012).
Remnants of regional metamorphism related to 
the Variscan Orogeny in the IVZ have been dated 
to ca. 320–300 Ma (Ewing et al., 2013; Kunz, Regis, 
& Engi, 2018; Vavra, Schmid, & Gebauer, 1999). 
The Mafi c Complex intruded the sequence shortly 
afterwards. The main pulse of the Mafi c Complex 
was dated at 288 ± 4 Ma by Peressini et al. (2007), 
and a recent ID–TIMS study constrains the main 
felsic and mafi c magmatism to a short period 
between 286–282 Ma (Karakas et al., 2019). Minor 
magmatic activity occured from c. 300 to 270 Ma 
(Klötzli et al., 2014; Peressini et al., 2007).  The 
majority of U–Pb ages (zircon and monazite) in 
the pelitic rocks constrain regional heating to 
amphibolite-and granulite-facies conditions to 
the Permian, i.e. 290–270 Ma (Ewing et al., 2013; 
Guergouz, Martin, Vanderhaeghe, Thébaud, & 
Fiorentini, 2018; Henk et al., 1997; Kunz et al., 2018; 
Vavra et al., 1999). Geochronology from the IVZ 
suggests that the Mafi c Complex formed during 
a sequential emplacement, providing signifi cant 
thermal energy required for the granulite-facies 
metamorphism of the Kinzigite Formation 
(Ahrendt, Hoefs, Strackenbrock, & Weber, 1989; 
Baker, 1990; Barboza et al., 1999; Peressini et al., 
2007). Relatively high temperatures may have 
been maintained until cooling below ~ 550 °C 
in the Jurassic (175–160 Ma), as constrained by 
rutile geochronology (Ewing, Rubatto, Beltrando, 
& Hermann, 2015). Rifting to the west of the IVZ 
during the late Permian to Jurassic may have 
resulted in some fl uid infl ux within the Mafi c 
Complex (Vavra & Schaltegger, 1999; Vavra et al., 
1999). Tilting of the IVZ into its current steeply 
inclined orientation is suggested to have begun 
during the Jurassic (Wolff , Dunkl, Kiesselbach, 
Wemmer, & Siegesmund, 2012) and continued 
during the Oligocene as part of the Alpine 
Orogeny (e.g. Handy, Franz, Heller, Janott, & 
Zurbriggen, 1999). 
The behaviour of accessory minerals in the IVZ 
was previously studied by Bea and Montero 
(1999), who documented the chemistry of 
metapelites, metabasites and leucosomes in Val 
Strona di Omegna, as well as the abundance, 
habit, microstructural location and chemistry 
of the four common accessory minerals in 
these rocks: monazite, xenotime, apatite and 
zircon. Progressive changes to accessory 
mineral composition documented in that study 
demonstrate that reactions between accessory, 
major minerals and, where present, melt were 
continuous throughout the metamorphic 
sequence (see also Corrie & Kohn, 2008; Kohn 
& Malloy, 2004). Monazite in the sequence 
was not consumed by major mineral-forming 
reactions, retaining a similar modal abundance 
with increasing metamorphic grade, and did 
not completely dissolve into melt even at high 
temperatures, as evidenced by its presence in the 
residual granulites at the highest metamorphic 
grade. Bea and Montero (1999) reported that 
the proportion of high-Th/U monazite increases 
with metamorphic grade, and its predominant 
location at grain boundaries suggested growth 
in the presence of melt. Bea and Montero (1999) 
observed that metapelitic rocks throughout the 
sequence have approximately the same average 
concentration of LREE and Th regardless of 
metamorphic grade. Similarly, the metabasites 
do not show any perceptible change in Th 
concentration with increasing metamorphic 
grade. The study concluded that chemical 
changes associated with metamorphism and 
partial melting did not signifi cantly change 
heat production in the lower crust. The heat 
production of the Val Strona metapelites was 
recently investigated by Alessio et al. (2018), who 
showed empirically that the heat production in 
the Ivrea–Verbano Zone was equivalent in sub- 
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limits for each element (Table 4) were calculated 
from the individual detection limits on all point 
analyses in the study. Monazite wt % oxide and 
cation data for 4-oxygen monazite from Electron 
Probe Microanalysis will be denoted in the form 
ThO₂_mnz and Th4+_mnz, respectively. 
5.5 Laser Ablation Inductively coupled plas
ma Mass Spectrometry (LA ICP MS)
In-situ U–Pb dating and trace element 
concentrations of monazite were quantifi ed by 
Laser Ablation ICP–MS at Adelaide Microscopy, 
the University of Adelaide. Analysis spot locations 
were selected based on zoning identifi ed in 
EPMA maps of grains, with spots located 
within specifi c chemical zones where possible 
adjacent to EPMA point analyses. Ablation of 
monazites was performed in situ with a beam 
diameter of 13 μm. A common Pb correction was 
applied using the “VizualAge_UcomPbine” Data 
Reduction Scheme (Chew, Petrus, & Kamber, 
2014) in the program Iolite (Paton, Hellstrom, 
Paul, Woodhead, & Hergt, 2011) which applies 
a common Pb correction following the 207Pb 
method. Detailed LA–ICP–MS methods are 
described in Appendix S3.1 and uncorrected data 
are provided in Appendix S3.2.
6 RESULTS
6.1 Bulk rock composition  
Whole rock Th concentrations measured by X-ray 
Florescence (Th_WR) for all samples are in the 
range 5–43 ppm, within the range of whole rock 
Th measured by in-fi eld GRS and other published 
analyses from Val Strona (Fig. 3, Appendix S3.3). 
The chemistry of the amphibolite- and granulite-
facies samples (Table 2) is equally spread in the 
AFM and Al₂O₃–(CaO+Na₂O)–K₂O diagrams 
(Fig. 4a, b) regardless of metamorphic grade. 
Amphibolite- and granulite-facies samples with 
similar (high Al, low Ca) compositions were 
selected for further analysis. This composition 
was chosen due to its propensity to form and 
  Amphibolite Granulite UHT 
 IV16-03A IV16-07 IV16-08 IV16-12 IV16-16 IV16-22A IV16-22B 
Major elements (wt%) 
SiO2 49.18 51.88 56.96 57.00 54.75 57.75 46.53 
TiO2 1.34 1.16 1.16 1.19 1.56 1.31 1.83 
Al2O3 28.66 28.54 22.88 22.86 24.58 18.16 23.18 
Fe2O3T 12.18 12.57 9.79 10.57 12.71 11.33 16.16 
MnO 0.14 0.13 0.19 0.26 0.13 0.17 0.26 
MgO 3.48 1.69 2.91 2.69 3.87 4.64 5.47 
CaO 0.15 0.56 0.47 1.22 0.46 2.66 2.82 
Na2O 0.46 0.74 1.21 0.73 0.57 2.27 2.22 
K2O 4.29 2.87 3.93 3.19 1.39 1.51 1.23 
P2O5 0.05 0.06 0.17 0.15 0.05 0.09 0.06 
Total 99.93 100.20 99.67 99.86 100.07 99.89 99.76 
LOI 1.62 1.88 2.41 2.80 2.00 1.38 1.85 
Fe2O3 10.37 8.53 7.96 6.68 10.13 6.32 10.74 
FeO 0.66 3.09 0.94 3.15 1.45 4.31 4.22 
Trace elements (ppm)  
Rb 283 228 233 147 48 13 14 
Sr 62 205 125 133 132 365 333 
Y 16 45 28 39 58 89 127 
Zr 161 203 189 185 195 242 311 
V 203 173 179 238 226 187 281 
Ni 72 69 76 104 65 72 51 
Cr 160 165 166 209 178 192 199 
Nb 26 37 25 18 24 20 41 
Ga 40 45 32 32 38 20 27 
Cu 96 26 36 60 41 65 59 
Zn 191 205 143 165 149 189 171 
Co 42 37 31 38 45 38 55 
Ba 610 399 475 706 558 863 642 
La 30 43 26 40 36 40 26 
Ce 62 76 56 83 72 73 55 
U n/d n/d n/d n/d n/d n/d n/d 
Th 31 37 25 28 29 7 5 
Sc 22 18 17 14 19 18 34 
Pb 1 9 7 13 1 6 11 
Table 2. Whole rock geochemistry for studied samples from the Ivrea Verbano Zone. FeO and Fe₂O₃ determined by titration. 
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retain monazite, enabling the largest P–T range 
over which to study monazite chemistry (e.g. 
Spear, 2010; Spear & Pyle, 2010). In particular, 
monazite in these rock compositions exists well 
above the solidus, enabling study of monazite–
melt interactions. The UHT samples have 
distinctly lower K₂O (Fig. 4b) than amphibolite-
and granulite-facies samples. Samples IV16-22A 
and IV16-22B were selected for further analysis as 
they are the least weathered of the UHT samples. 
In addition to having lower K₂O than other 
samples selected for analysis, these samples also 
have signifi cantly higher CaO and Na₂O (Fig. 
4b). Whether the UHT rock chemistry refl ects 
the primary chemistry of the metasediments 
is unclear. However, CaO- and Na₂O-rich 
metasediments are reported from within the Ivrea 
section (Fig. 4b; Bea & Montero, 1999; Guergouz 
et al., 2018; Schnetger, 1994).
In-fi eld GRS data (Th_GRS) from IVZ metapelites 
(Fig. 3, data from Alessio et al., 2018) shows no 
change in the range of Th ppm concentrations 
between amphibolite- and granulite-facies rocks 
with peak temperatures up to approximately 900 
°C.  Analyses from the UHT septa at Isola (peak 
temperatures >950 C) have signifi cantly lower 
Th_GRS than lower-temperature granulite-facies 
metapelites (Fig. 3). The average Th_GRS ppm 
for the amphibolite, granulite and UHT samples 
are 21 ± 5 (n=306), 20 ± 6 (n=249) and 3 ± 1 (n=54), 
respectively (errors are 1 s.d.). Analyses for each 
facies fall in the ranges 3–34 ppm, 3–31 ppm and 
1–5 ppm, respectively (see Alessio et al., 2018). 
6.2 Accessory mineral petrography and vol
ume proportio ns
Monazite occurs in all seven samples investigated, 
encompassing amphibolite-facies to UHT 
conditions. In the three amphibolite-facies 
samples, monazite occurs in various textural 
positions, in contact with or included in all major 
minerals. Monazite grains are predominantly 
within the matrix, included within or at the 
grain boundaries of biotite (Fig. 5a) and K–
feldspar (Fig. 5a, b), and aligned with the fabric. 
Monazite rarely occurs as very small grains 
included in garnet porphyroblasts (e.g. Fig. 5b). 
In granulite-facies sample IV16-12, monazite 
occurs within the matrix adjacent to sillimanite 
(Fig. 5c), plagioclase (Fig. 5d) and biotite (Fig. 
5d), and rarely at sillimanite–ilmenite/rutile grain 
boundaries. Monazite also occurs at the grain 
boundaries of garnet and sillimanite (Fig. 5c, 
d). In granulite-facies sample IV16-16, monazite 
most commonly occurs within leucosomes, with 
varying degrees of spatial association with apatite 
and allanite (Fig. 5e, f) or as inclusions in garnet 
(Fig. 5f). In the UHT samples, monazite occurs 
adjacent to quartz, K-feldspar, plagioclase and 
sillimanite (Fig. 5g, h), and rarely as inclusions in 
or adjacent to garnet (Fig. 5g).
Monazite maximum grain size increases from 
amphibolite-facies to granulite-facies, then 
decreases sharply in the UHT samples (Table 
3). Monazite volume proportions (‘modes’) 
are in the range 0.001–0.074 vol.%. Monazite 
modes increase through the amphibolite-facies 
(0.037, 0.045 and 0.047 vol.%, Table 3). The two 
granulite-facies samples (IV16-12 and IV16-16) 
have signifi cantly diff erent monazite volume 
proportion (0.039 and 0.074 vol.% respectively). 
The UHT samples (IV16-22A, IV16-22B) have the 
lowest proportion of monazite of all samples 
(0.004 and 0.001 vol.% respectively).
Based our estimates from this section (Val Strona 
di Omegna), the zircon volume proportion 
generally increases with metamorphic grade from 
0.013 to 0.030 vol.% (Fig. 6a, Table 3). However, 
the whole rock geochemistry data show constant 
Zr concentrations. Xenotime proportion is 
variable within the amphibolite-facies samples 
(0.0016–0.0078 vol.%) and decreases sharply 
 Volume proportion (vol. %)  grain size (μm) 
Sample mnz  ap zrn xtm grt aln n Ave SD Max 
IV16-03A 0.0367 0.0238 0.0128 0.0078 2.9955 0.0022 114 308  497 2613 
IV16-07 0.0449 0.0184 0.0182 0.0016 8.2067 n.d. 137 362 564 3184 
IV16-08 0.0472 0.2413 0.0195 0.0034 0.9999 2.10 x10-6 129 426 595 3890 
IV16-12 0.0389 0.1097 0.0375 3.87 x10-5 17.3668 0.0147 174 264 431 2646 
IV16-16 0.0745 0.0149 0.0300 n.d. 17.2629 0.0739 113 595 1520 12504 
IV16-22A 0.0045 0.0005 0.0217 n.d. 22.6242 0.0265 133 18 42 438 
IV16-22B 0.0010 0.0041 0.0297 3.86 x10-5 24.6371 0.0159 71 21 32 197 
n.d. not detected; mnz, monazite; ap, apatite; zrn, zircon; xtm, xenotime; grt, garnet; aln, allanite; n, number of monazite 
grains. 
Table 3. Modal proportions of accessory minerals (vol. %) and grain characteristics in IVZ samples determined from point 
counting of MLA maps. Volume proportion detection limit is 10 ⁶ vol.%.
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Mnz Zone  Z1 Z2 Z3 Z4 Z5 Z6 Z7 Z8 Z9 
Sample  03A 07 08 03A 12 12 16 22B 22A 
Grain  mnz 6 mnz 2 mnz 9 mnz 4 mnz 5 mnz 9 mnz 1 mnz 5 mnz 8 
Analysis  d l. 23-6 40-6 31-3 22-4 54-2 58-2 104-6 66-3 120-1 
           
SiO2 0.02 0.21 0.38 0.12 0.14 0.33 0.22 0.82 1.98 0.26 
CaO 0.01 0.25 0.97 1.09 0.71 0.90 1.02 0.37 2.56 0.13 
Y2O3 0.04 0.60 b.d.l. 1.89 3.32 0.62 0.12 b.d.l. 0.12 0.06 
La2O3 0.04 13.42 15.55 14.64 14.64 14.87 14.72 12.85 11.64 16.23 
Ce2O3 0.04 32.18 29.22 28.63 28.19 29.56 30.09 32.79 23.23 33.30 
Pr2O3 0.15 3.81 3.23 3.07 3.15 3.22 3.25 4.00 2.62 3.65 
Nd2O3 0.15 13.87 11.67 10.65 11.06 11.40 12.32 13.61 9.63 13.42 
Sm2O3 0.16 2.18 2.05 1.68 1.84 1.76 1.67 0.92 1.09 1.12 
Gd2O3 0.17 1.62 1.16 1.23 1.71 0.92 0.65 0.23 0.38 0.33 
ThO2 0.03 0.75 4.35 4.50 2.12 4.28 4.53 4.37 17.63 b.d.l. 
UO2 0.01 0.07 0.48 0.56 0.68 0.27 0.23 0.05 0.04 0.06 
P2O5 0.05 31.38 30.59 31.85 31.51 31.21 31.10 29.59 28.40 31.00 
           
Total  100.35 99.67 99.93 99.07 99.35 99.94 99.60 99.33 99.55 
           
Si4+  0.008 0.015 0.005 0.005 0.013 0.009 0.032 0.078 0.010 
Ca2+  0.010 0.040 0.045 0.029 0.037 0.042 0.016 0.108 0.005 
Y3+  0.012 b.d.l. 0.038 0.068 0.013 0.002 b.d.l. 0.003 0.001 
La3+  0.189 0.223 0.205 0.206 0.211 0.209 0.186 0.169 0.231 
Ce3+  0.451 0.415 0.398 0.394 0.416 0.424 0.471 0.335 0.471 
Pr3+  0.053 0.046 0.043 0.044 0.045 0.046 0.057 0.038 0.051 
Nd3+  0.190 0.162 0.144 0.151 0.157 0.169 0.191 0.136 0.185 
Sm3+  0.029 0.027 0.022 0.024 0.023 0.022 0.012 0.015 0.015 
Gd3+  0.021 0.015 0.015 0.022 0.012 0.008 0.003 0.005 0.004 
Th4+  0.007 0.038 0.039 0.018 0.038 0.040 0.039 0.158 b.d.l. 
U4+  0.001 0.004 0.005 0.006 0.002 0.002 0.000 0.000 0.000 
P5+  1.017 1.005 1.024 1.019 1.017 1.014 0.984 0.947 1.014 




1.987 1.991 1.983 1.987 1.984 1.988 1.992 1.992 1.989 
           
p(REEmnz)  0.976 0.927 0.867 0.874 0.906 0.911 0.943 0.721 0.994 
p(cher)  0.010 0.071 0.088 0.050 0.067 0.079 0.023 0.195 0.000 
p(hut)  0.001 0.002 0.005 0.006 0.013 0.009 0.033 0.081 0.005 
p(xtm)  0.013 <0.001 0.040 0.070 0.013 0.003 <0.001 0.003 0.001 
Prefix for all samples is IV16-XX. Oxide values are wt %. Detection limit (d.l.) quoted at 99% confidence 
level. Cations calculated for 4 oxygens. p(REEmnz)= proportion of monazite end-member ( REE), p(cher)= 
proportion of cheralite end-member (1-(( REE+Y+Si)), p(hut)= proportion of huttonite end-member (Si4+), 
p(xtm) = proportion of YPO4 end-member in monazite (Y3+). B.d.l., below detection limit. 
Table 4. Representative EPMA analyses of monazite. Z1 9 refer to monazite zones described in text. 
Zone Samples Location Th4+ APFU p(REEmnz) p(cher) p(hut) p(xtm) n 
Z1 03A, 08 c, m 0.0003–0.0153 0.956–0.981 0.001–0.029 0.006–0.018 0.007–0.013 8 
Z2 03A, 07, 08 c, m 0.0111–0.0566 0.890–0.954 0.036–0.105 0.006–0.022 bdl–0.015 55 
Z3 03A, 07, 08 r, m 0.0165–0.0757 0.840–0.887 0.064–0.125 0.002–0.017 0.024–0.060 139 
Z4 03A i, l 0.0181–0.0283 0.853–0.886 0.035–0.075 0.005–0.019 0.060–0.072 5 
Z5 12 r, m 0.0279–0.0457 0.881–0.914 0.056–0.082 0.010–0.023 0.008–0.029 22 
Z6 12, 16 c, r, m 0.0238–0.0577 0.858–0.968 0.010–0.113 0.007–0.035 bdl–0.025 85 
Z7 16 r*, m 0.0192–0.0591 0.913–0.960 0.003–0.054 0.012–0.055 bdl–0.001 15 
Z8 22A, 22B i, g, m 0.0621–0.1879 0.681–0.861 0.111–0.227 0.024–0.091 0.002–0.004 10 
Z9 22A, 22B i, m bdl–0.0141 0.946–0.994 bdl–0.038 0.003–0.042 bdl–0.013 73 
Prefix for all samples is IV16-XX; c, core; r, rim; r*, rims (discontinuous); m, matrix; i, isolated grains; l, leucosome; g, 
garnet inclusion; bdl; below detection limit. p(REEmnz)= proportion of monazite end-member ( REE), p(cher)= proportion 
of cheralite end-member (1-(( REE+Y+Si)), p(hut)= proportion of huttonite end-member (Si4+), p(xtm) = proportion of 
YPO4 end-member in monazite (Y3+). n = number of monazite grains. Detection limits: Th4+ = 0.0003 APFU; p(REEmnz) = 
0.0045; p(cher) = 0.0004; p(hut) = 0.0008; p(xtm) = 0.008. 
Table 5. Summary of monazite compositional zones and microstructural locations. Z1 9 are monazite zones defi ned in text. 
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location. Larger grains and those included in 
garnet preserve higher Th compositions than 
smaller grains located interstitially.
The Th/U ratio in monazite is relatively constant 
in amphibolite-facies zones (Z1–Z4) and 
granulite-facies Z5 (means of 4.3–11.3, Fig. 8c). 
Th/U then increases from Z6 to Z8 (means of 42, 




























































































































Figure 8.  Harker and boxplots of EPMA point analyses of monazite from zones 1 9 (labelled Z1 Z9 respectively). Z1 Z4 
occur in amphibolite facies samples, Z5 Z7 in granulite facies samples and Z8 Z9 in UHT samples. Number of analyses for 
each zone are given at the base of part (a). (a) Boxplots of chemical compositions of monazite (atoms per formula unit, 
APFU, normalised to 4 oxygen atoms) from zones Z1 Z9. Boxplots show dispersion of data, the interquartile range (IQR; Q1, 
quartile 1, Q3, quartile 3) and median values for each element. Dotted lines indicate metamorphic facies changes within the 
sequence. (b) Harker plots of monazite EPMA point analyses showing the range of compositions within each monazite zone, 
and the overlap between zones. Mahalanobis ellipses show range of compositions for each monazite zone (2). (c) Boxplots 
of Th/U ratios of monazite for compositional zones Z1 Z9. Boxplots show dispersion of data, the interquartile range (IQR) 
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that fall outside the spread of GRS data from the 
same outcrops most likely refl ect the decimetre 
to metre scale of heterogeneous layering, and 
the variable proportion of mafi c and calc–silicate 
rocks in the sequence that contribute to the GRS 
outcrop-scale data. 
7.2 Monazite stability
Monazite occurs in all samples in this study. 
Monazite volume proportions increase with 
metamorphic grade in the Val Strona section 
(mid-amphibolite to granulite facies), consistent 
with other studies (e.g. Chapter 2; Foster et al., 
2002; Franz, Andrehs, & Rhede, 1996; Rubatto, 
Williams, & Buick, 2001; Schulz, 2017; Skrzypek 
et al., 2018; Williams, 2001). These data indicate 
that monazite was stable up to the peak of 
regional metamorphism (~9.5 kbar, 900 C; 
Redler et al., 2012; Kunz et al., 2018). The increase 
in monazite volume proportions can partially be 
explained by a decrease in the rock volume due to 
the extraction of melt, estimated to be up to 40% 
in the IVZ (Redler et al., 2013). However some 
monazite (or monazite components) is expected 
to have been extracted with the melt (Stepanov 
et al., 2012).
The maximum grain size of monazite increases 
with metamorphic grade (Fig. 6, Table 3); 
however, as large(r) monazite grains are few 
in each sample they do not greatly aff ect the 
sample average grain size. The grain size increase 
may be the result of processes which favour the 
growth of large grains of monazite, such as the 
REE-saturated melt infi ltration model proposed 
by (Yakymchuk & Brown, 2019), decompression 
melting (e.g. Johnson, Clark, Taylor, Santosh, & 
Collins, 2015), or Ostwald ripening (dissolution 
of smaller grains and precipitation onto larger 
grains; e.g. Nemchin, Giannini, Bodorkos, & 
Oliver, 2001). However, Ostwald ripening would 
typically preserve lower temperature cores, 
which are not observed in the granulite facies 
samples and so cannot explain the full range of 
textures observed here. It is also possible, but 
unlikely, that it is an artefact of the orientation 
of the thin section cuts, whereby processes 
such as dissolution-precipitation creep could 
elongate grains in the fabric orientation and 
lead to an overestimation of monazite volume 
proportion at higher grades. Regardless, a general 
increase in monazite grain size and mode with 
metamorphic grade has been reported for other 
metapelitic sequences (e.g. Chapter 2; Foster et 
al., 2002; Franz et al., 1996; Rubatto et al., 2001; 
Schulz, 2017; Williams, 2001). Monazite volume 
proportions and average and maximum grain 
sizes decrease sharply in the UHT septa relative 
to the amphibolite- and granulite-facies samples. 
This is related to dissolution in the extracted 
melt (see above). Allanite volume proportion in 
the granulite-facies samples (IV16-12 and IV16-
16) is non-negligible (Fig. 6); however all of the 
allanite in these samples is hosted in allanite–
Th-orthosilicate aggregates on monazite grain 
boundaries. These aggregates were interpreted 
by Bea and Montero (1999) to be products of 
the retrograde breakdown of monazite (see also 
Chapter 4). 
7.3 Grain scale variation of Th
The monazite geochronology presented in Figure 
10 shows that all monazite in the investigated 
samples is metamorphic, and records a protracted 
growth (and dissolution) history (see section 
7.4). In that context monazite composition can 
be evaluated to give insights on the origin and 
behaviour of this mineral. As outlined below, we 
interpret the main sequence of prograde-to-peak 
monazite formation in the order: Z1–Z3 then Z5–
Z8 (Fig. 11). Zones Z4 and Z9 are interpreted to 
have formed on the retrograde path (see below) 
and thus are not strictly part of the pre-peak to 
peak sequence of monazite formation. Monazite 
zones Z1–Z3 and Z5–Z8 preserve a temporal 
series of chemical zones, the compositions and 
order of which are consistent with the recorded 
and modelled progression of major and accessory 
mineral growth along the metamorphic fi eld 
gradient in the IVZ (Fig. 6; Redler et al., 2012). 
Y-in monazite is a suitable tool to link monazite 
growth with that of garnet and xenotime and 
to calculate P–T conditions when it coexists 
with these two minerals (e.g. Pyle & Spear, 
2003). Monazite forming in a xenotime bearing 
assemblage is Y-buff ered, whereas monazite 
formed in equilibrium with garnet is Y- (and 
HREE-) poor (e.g. Pyle & Spear, 1999; Pyle, Spear, 
Rudnick, & McDonough, 2001). Additionally, 
high REE monazite has been observed in several 
studies at low temperatures (<300 °C; e.g.Allaz, 
Selleck, Williams, & Jercinovic, 2013; Cabella, 
Lucchetti, & Marescotti, 2001; Rasmussen & 
Muhling, 2007) where there are fewer competing 
hosts for REE that are released from the 
breakdown of lower T minerals such as allanite. 
We use these observations in combination with 
the microstructural location of zones to assess 
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(Z1, Z2 and Z3) in the IVZ is grown during pre-
peak to peak metamorphism. The disappearance 
of Z3 monazite in the granulite-facies rocks is 
concurrent with a decrease in xenotime volume 
proportion by two orders of magnitude (Fig. 6, 
Table 3) and increase in garnet volume proportion 
with metamorphic grade (Fig. 6, Table 3).
Zone 4 monazite occurs only in muscovite-rich 
leucocratic veins in the lowest grade sample 
studied, IV16-03A. These leucocratic veins were 
interpreted by Bea and Montero (1999) to have 
been hydrothermal mobilizates, rather than 
partial melts. It is for this reason that we do not 
consider Z4 monazite as part of the pre-peak 
monazite reaction sequence, but rather formed 
during the retrograde evolution.
Notably, no monazite compositional zone found 
in amphibolite-facies samples is preserved in 
the granulite-facies samples, showing that all 
amphibolite-facies monazite is lost at higher T in 
the studied samples. Monazite included in garnet 
and that located interstitially in the matrix were 
identifi ed in granulite IV16-12 and investigated in 
detail. All of the monazite grains located inside 
garnet were located within fractures and thus in 
likely chemical communication with the matrix. 
It is possible that our textural analysis may have 
missed rare monazite grains included in garnet 
that may preserve amphibolite-facies zoning. 
However, this is unlikely as the full thin section 
was mapped (by MLA) and no such grains were 
found. The processes which resulted in the lack 
of amphibolite facies cores preserved in granulite 
facies samples are unclear and such a feature is not 
observed in other recent studies of the chemical 
response of monazite in response to progressive 
metamorphism (e.g. Chapter 2; Skrzypek et 
al., 2018). These processes could involve fully 
consuming earlier generations of monazite by 
dissolution–precipitation creep (e.g. Wawrzenitz, 
Krohe, Rhede, & Romer, 2012) facilitated by 
elevated strain and the presence of melt in the 
granulite facies samples. It could also be a result 
of a reaction sequence in the granulite facies 
samples where the fi rst appearance of monazite 
(from allanite) closely coincides with, or occurs 
above, the solidus due to the positive slopes of 
the allanite to monazite reactions (Spear, 2010). 
This would probably limit the formation and 
preservation potential of (subsolidus) prograde 
or pre-peak monazite. Such a scenario could be 
further infl uenced by changing melt composition 
characteristic of an open melting system (e.g. 
Yakymchuk & Brown, 2019). 
Monazite Z5 is relatively similar in composition 
to Z3, but with signifi cantly lower Y (Fig. 8a, 
b). A clear step change in garnet (increase) 
and xenotime (decrease) volume proportion 
between the upper amphibolite- and granulite-
facies samples exists (Fig. 6). These combined 
observations suggest the formation of Z5 
monazite in the presence of increasing garnet 
and decreasing (to zero) xenotime volume 
proportion at granulite-facies conditions. In this 
scenario, the increasingly larger volume of garnet 
sequesters the Y and HREE (e.g. Gd, Fig. 8a) 
and as the reactive bulk composition becomes 
undersaturated in Y due to disappearance of 
xenotime the Y available to monazite decreases 
(e.g. Pyle et al., 2001). As a consequence, Z5–Z7 
monazite formed at granulite facies is depleted in 
Y and HREE compared with the last amphibolite-
facies monazite, Z3, which grew in the presence of 
xenotime and lower volume proportion of garnet. 
It is inferred that the LREE and P for monazite 
growth in granulite-facies rocks come from the 
cannibalisation of amphibolite-facies monazite 
(absent in the granulite-facies samples) or that 
LREE came from allanite and P from apatite and 
xenotime as discussed above (Fig. 6). 
Zone 6 monazite has very low Y and Gd 
concentrations that are consistent with near total 
absence of xenotime in sample IV16-16 (and lack 
of Z5 monazite in this sample), suggesting that 
Z6 represents near-completion of the reaction 
that removed xenotime. We interpret that Z5 
and Z6 monazite formed on the pre-peak to 
peak part of the granulite-facies P–T path (Fig. 
11) since this is consistent with garnet mode 
increasing from lower to higher grade samples 
and thus increased sequestering of Y and Gd by 
garnet. Figure 8c shows that Z6 is distinct from 
Z2 in having signifi cantly higher Th/U ratios. 
Additionally, Z6 monazite occurs as rims on Z5 
monazite in IV16-12. If Z2 and Z6 were in fact 
the same monazite zone, we would expect to 
see some record of monazite in the amphibolite 
facies with compositions similar to Z5. Despite 
very low Gd and Y in Z6 relative to Z5 monazite, 
these two zones (as well as Z7) have similar Th 
concentrations (Fig. 8). This confi rms that Y-in-
monazite and Th-in-monazite are controlled by 
two diff erent processes, the former by xenotime 
and garnet (e.g. Pyle et al., 2001) and the latter 
most likely by silicate melt and temperature 
(Stepanov et al., 2012; Yakymchuk et al., 2018) 
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and monazite volume proportion (see chapter 4). 
The microstructural locations of large monazite 
grains in sample IV16-16 containing Z6 and Z7 are 
predominantly within or adjacent to leucocratic 
layers (Fig. 5), suggesting that these monazite 
grew in the presence of silicate melt. Forward 
thermodynamic modelling of granulite-facies 
samples from the same crustal section by Redler 
et al. (2013) shows that the granulite-facies 
metapelite produced up to 25–30% melt which 
was progressively extracted. It has been proposed 
that such large volumes of melt do not ‘pool’ in 
high grade rocks (e.g. Rosenberg & Handy, 2005; 
Yakymchuk & Brown, 2014b). Rather, the melt 
is extracted in pulsed batches once it becomes 
interconnected (~7 vol.% melt; Rosenberg & 
Handy, 2005) and able to fl ow, leaving behind 
fi lms of melt at the grain boundaries in amounts 
that are below that of linked interconnectivity 
(~1 vol% melt; e.g. Yakymchuk & Brown, 2014a). 
Further temperature increases produce more 
melt and lead to renewed interconnectivity of 
melt pockets, melt fl ow and ultimately extraction 
of a new batch of melt. It is unclear how such 
melt-extraction processes could facilitate the 
formation/preservation of large monazite grains 
but this may be the result of melt compositions 
which are not conducive to monazite dissolution 
(e.g. ‘dry’ melts) or kinetically inhibited 
dissolution of monazite (see also Yakymchuk & 
Brown, 2019). 
Zone 7 appears as thin, discontinuous rims on 
large, predominantly Z6 grains in sample IV16-
16. Zone 7 has higher U, Ca and HREE and
lower LREE than Z6, and comparable Th to Z6
(Fig. 8). The increase in HREE suggests growth
during modal decrease of garnet, a major source
for HREE, which would occur as a result of a
down-pressure and retrograde trajectory along a
clockwise path (see also Redler et al., 2012). An
alternative source of HREE could be zircon, but
this option can be excluded as the mode of zircon
is constant across the sequence (Fig. 6).
The UHT samples have a distinct monazite 
population in composition, texture, mode and 
partially age.  Analogous to the amphibolite 
to granulite change, the UHT samples contain 
no remnants of monazite zones observed in 
the lower T granulite samples of the regional 
sequence. In the UHT samples monazite volume 
proportion is very low (0.001–0.0045 vol. %) and 
monazite compositions show a range between 
high (Z8) and low Th (Z9). The high Th content 
in monazite at UHT can be explained by a high 
DThmnz/liq (see also Stepanov et al., 2012) in samples 
with a low monazite volume proportion that have 
undergone signifi cant partial melting and melt 
extraction. The very low monazite Y content 
is consistent with a high volume proportion of 
garnet in the UHT samples. 
High LREE compositions, typical of low 
temperature monazite (e.g. Allaz et al., 2013; 
Cabella et al., 2001; Rasmussen & Muhling, 
2007) and recorded by Z9 monazite, could be 
the result of episodic formation of monazite 
on the retrograde path, for e xample during late 
fl uid circulation in the Mafi c Complex (Vavra & 
Schaltegger, 1999). 
7.4 Monazite ages
The purpose of collecting age data in the context 
of this study is primarily to decipher whether 
monazite is metamorphic or detrital. Overall 
our monazite data conform with the range and 
complexity of zircon and monazite ages reported in 
previous studies and attributed to metamorphism 
(e.g. Ewing et al., 2013; Guergouz et al., 2018; Kunz 
et al., 2018; Vavra et al., 1999). Figure 10a shows a 
clear discordant trend in the U–Pb unknown data 
across all samples in this study. This trend was 
attributed to common Pb and was corrected for 
using a ²⁰⁷Pb correction (Fig. 10b, see appendix 
S3.1 for details). In general, the ²⁰⁷Pb correction 
produces age distributions with less scatter and 
slightly younger ages (ca. 5 Ma) for probability 
density  plot peaks than uncorrected data (Fig. 
10). In addition to the common Pb trend, there 
is a spread in the ²³⁸U/²⁰⁶Pb ratios for unknown 
data in this study. This type of spread is typically 
attributed as either Pb loss during retrogression 
or periodic or protracted growth of monazite (e.g. 
Gasser et al., 2015; Kirkland et al., 2016; Rubatto et 
al., 2001). The progression of monazite chemical 
zones identifi ed in this study would suggest that 
this scatter has some geological signifi cance, 
perhaps such as periodic or protracted growth, 
rather than be the result of Pb loss. Indeed, this 
is the same conclusion drawn by Guergouz et al. 
(2018) and Peressini et al. (2007) in reference to 
similar distributions within their monazite and 
zircon age data from the metapelites of the IVZ 
and Mafi c Complex, respectively. If Pb loss has 
aff ected the data it must have occured with the 
perious of high temperature metamorphism as 
there is no other Pb loss trend observed in the 
data (See Fig. S3.1.1).
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Monazite in the cores of amphibolite facies 
grains, Z1, yields the oldest dates (321 ± 16.6 and 
301 ±  14.4 Ma; both from IV16-03A). The lack 
of a clear and distinct age peak relating to the 
Variscan regional metamorphism (ca. 320–300 
Ma; Ewing et al., 2013; Kunz, Regis, & Engi, 2018; 
Vavra, Schmid, & Gebauer, 1999) likely refl ects the 
fact that the moderate P, moderate T conditions 
of the Variscan regional metamorphism (Ewing 
et al., 2013; Kunz et al., 2018; Vavra et al., 1999) 
were generally not conducive to the formation of 
monazite (i.e. were within the allanite stability 
fi eld; Spear, 2010).
Ages from Z3, Z4, Z5 and Z6 monazite from the 
Val Strona samples (280 ± 2.5 , 279 ± 6.9, 276 ± 
6.7 and 275 ± 2.9 Ma, respectively; Fig.10c) are 
in agreement with previously reported monazite 
ages (283 ± 6 and 279 ± 6 Ma; Guergouz et al., 
2018) from the same sequence and with zircon 
ages from amphibolite-facies rocks in Val Strona 
(280 ± 2 and 272 ± 1 Ma; Kunz et al., 2018). All 
these published age constraints are interpreted 
as dating metamorphism and partial melting in 
the metapelites and are within uncertainty of or 
shortly postdate the ca. 292–282 Ma intrusion 
of the upper Mafi c Complex (Peressini et al., 
2007). The texturally older monazite zone (Z2) 
that could be dated with confi dence records an 
age of 290 ± 2.5 Ma which is within the range 
of the published zircon age spectra, but has not 
been clearly identifi ed in monazite before. ‘Main 
clusters’ (Fig. 10c) were defi ned on statistically 
homogenous populations (see Spencer, Kirkland, 
& Taylor, 2016). This was done to derive 
geologically meaningful ages from the scatter of 
the natural data to order to compare between 
zones and to previous geochronology. However, 
as the U–Th–Pb system likely records processes 
occurring during progressive (protracted) 
metamorphism, it is therefore reasonable that 
similar chemical zones could show a range of 
monazite dates.
In the UHT samples, larger monazite grains (>50 
μm Ø) and those included in garnet (Z8) yield 
scattered dates in the range 273–264 Ma, whereas 
smaller grains (<50 μm Ø) located interstitially 
(Z9) yield scattered dates in the range 265–154 
Ma. The young dates, although scattering in the 
range 181–154 Ma (n = 4), are unique to the UHT 
samples, and in particular to Z9 monazite. 
Our age data are consistent with chemical evidence 
that monazite in the IVZ predominantly records 
the immediately pre-peak and peak (Permian) 
history of the terrane. As all the monazite dates 
from this study fall within the expected age range 
of prograde-to-peak metamorphism, we conclude 
that the samples contain no detrital monazite 
and that all the monazite investigated formed 
during metamorphism. Further dissection of the 
geological signifi cance of dates from individual 
monazite zones is treated with caution as the 
timescale of metamorphism is similar to the 
uncertainty associated with the LA–ICP–MS ages 
obtained. 
7.5 Changes to monazite Th end member 
fractions with metamorphic grade
The fractions of the two Th-end-members 
of monazite, cheralite and huttonite, change 
with metamorphic grade in the IVZ (Fig. 9a). 
Amphibolite-facies monazite zones (Z1–Z3) 
favour cheralite rather than huttonite in terms 
of Th. This is consistent with other studies of 
monazite chemistry over metamorphic grade 
changes (Chapter 2; Skrzypek et al., 2018). 
Above the solidus, monazite increasingly favours 
huttonite at the expense of cheralite which is 
particularly evident from Z5 to Z6, a trend which 
is also reported by Skrzypek et al. (2018) in the 
Ryoke Belt (see also chapter 4). We interpret 
this as the probable result of: (a) unfavourable 
thermodynamic properties of huttonite to allow 
its presence in signifi cant proportion at subsolidus 
temperatures and pressures (e.g. Mazeina, 
Ushakov, Navrotsky, & Boatner, 2005; Robie 
& Hemingway, 1995); (b) cheralite being more 
soluble in melt than huttonite, as silicate melt 
produced from melting of metapelites is typically 
saturated in Si but not Ca; and (c) buff ering of P 
(and possibly Ca) in monazite by the presence of 
apatite in amphibolite-facies samples, with apatite 
volume proportion decreasing by dissolution into 
melt through the granulite facies (Fig. 6). At very 
high temperatures apatite (and plagioclase) is 
likely to have dissolved completely in melt (e.g. 
Yakymchuk, 2017), leaving the residual rock 
under-saturated with respect to P (and possibly 
Ca) and driving further exchange of the cheralite 
component of monazite with/into melt. The 
preference for higher huttonite (Si) fractions 
in monazite with increasing temperature could 
provide an important mechanism by which 
monazite remains stable to extremely high 
temperatures (>900 C, see also Yakymchuk, 
2017) as the stability of the huttonite component 
of monazite does not require P or Ca saturation. 
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Monazite grains in the UHT rocks show a diff erent 
Th solid-solution trend to the granulite-facies 
samples, having huttonite-rich compositions 
which also have a high proportion of cheralite 
(Z8; Fig. 9a inset), as well as a population with 
low fractions of cheralite and near zero huttonite 
(Z9; Fig. 9a). Zone Z8 is enriched in both cheralite 
and huttonite due to melt-driven enrichment in 
total Th (see above). 
There is also a marked increase in the Th/U ratio 
of monazite from the lower granulite facies (Z5) to 
the UHT conditions (Z8; Fig. 8). This is consistent 
with previous fi ndings from the IVZ (Bea & 
Montero, 1999) and also more generally (Taylor 
et al., 2014; Taylor et al., 2016; Yakymchuk et al., 
2018), in that monazite has a weaker preference 
for U than Th with increasing temperature. 
The increase in Th/U above the solidus is not 
correlated with the fraction of cheralite (p(cher); 
Fig. 9b), but is correlated with the increase in 
huttonite fraction (p(hutt), Fig. 9c), showing that 
huttonite has a stronger infl uence on controlling 
Th/U in monazite, at least in melt-bearing rocks. 
A similar positive correlation between huttonite 
fraction and Th/U in monazite was observed at 
Mt Staff ord (Williams, Kelsey, Baggs, Hand, & 
Alessio, 2018).
7.6 Mechanisms of monazite formation
The internal structure, compositional zoning and 
ages of monazite in the investigated anatectic 
metapelites shows evidence for monazite 
having grown mostly during pre-peak to peak 
metamorphism, with limited Variscan and 
retrograde signature. It is possible to infer that 
garnet mode was either increasing or remaining 
unchanged during the formation of zones 
Z5, Z6 and Z8, on the basis of the relatively 
low concentration of Y and Gd (which have a 
strong affi  nity for garnet) in these zones. This is 
consistent with a P–T path involving heating and 
pressure increase. On the basis of the investigation 
of monazite composition presented herein, 
we contend that retrograde or cooling related 
monazite makes up only a small proportion of the 
total monazite in the IVZ metapelites (only the 
volumetrically minor zones Z4, Z9 and possibly 
Z7). 
In contrast to the evidence from natural samples, 
forward thermodynamic models (Kelsey et al., 
2008; Spear & Pyle, 2010; Yakymchuk, 2017) are 
unable to account for progressive, up temperature 
growth of monazite (nor zircon) above the solidus 
as the components that comprise monazite are 
not regarded as being present in high enough 
concentrations in major minerals to allow 
growth of monazite by major mineral breakdown. 
Rather, silicate melt is the only major phase that 
has appreciable concentrations of monazite-
forming (and zircon) components. As the volume 
proportion of melt increases with increasing 
temperature, equilibrium models predict that 
monazite mode progressively decreases. Studies 
based on natural samples have suggested an 
Ostwald ripening mechanism (e.g. Nemchin et 
al., 2001; Rubatto et al., 2001; Vavra, Gebauer, 
Schmid, & Compston, 1996; Williams, 2001) 
by which prograde accessory mineral growth 
could occur in the anatectic realm. However, 
these processes are not grounded in equilibrium 
thermodynamics and thus cannot be modelled 
as part of the typical calculated pseudosection 
approach of modern metamorphic studies. As 
such, explaining prograde suprasolidus growth 
of monazite (and zircon) remains an ongoing 
issue. While the mechanism of Ostwald ripening 
is consistent with observations from amphibolite 
facies monazite, it cannot explain the lack of 
amphibolite facies zones in cores of granulite 
facies monazite. Therefore, other processes (e.g. 
dissolution–precipitation creep; Wawrzenitz et 
al., 2012) may be responsible for at least part of 
the monazite record here.
Lower grade (Z1–Z3) monazite has reasonably 
variable compositions whereas granulite-facies 
monazite has a smaller range of compositions, 
showing that the granulite-facies grains are 
more chemically equilibrated. This is in line with 
results from other terranes which showed that 
(eff ective) chemical equilibrium for Th and LREE 
was reached by ~600 C (Chapter 2; Skrzypek et 
al., 2018). At temperatures below 600 C, variable 
monazite compositions and Th/U ratios likely 
refl ect variable local availability of Th due to the 
grain size and composition of prograde allanite 
(which breaks down to form monazite). 
Recently, Yakymchuk and Brown (2019) suggested 
that prograde suprasolidus accessory mineral 
growth could occur via infi ltration of melt 
generated at deeper crustal levels into shallower 
anatectic crustal rocks. By this logic, hotter melts 
generated at deeper crustal levels have higher 
LREE, Th and Zr concentrations than shallower 
melts due to more advanced dissolution of the 
accessory minerals, which when mixed together 
causes oversaturation of melt with respect to 
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LREE and Th (and Zr), leading to (prograde) 
monazite precipitation on existing grains. The 
highest grade rocks in Val Strona (sample IV16-16 
in the present case) are closely (~2 km) underlain 
by metabasic granulites of the Mafi c Complex, 
meaning that only a thin pelitic section exists in 
between IV16-16 and the Mafi c Complex in which 
melts with more LREE and Th could be generated. 
Although we do not discount this possibility, 
the systematic trends in Th and trace element 
behaviour that we document suggests that open 
system behaviour pertaining to the trace elements 
was not the major controlling factor. Given the 
high bulk Ca in the UHT samples relative to other 
pelites in this study (Table 2) and their location 
within the mafi c complex, it is likely that the UHT 
granulite samples were contaminated by mafi c 
melt. While the bulk compositional change which 
the septa have seemingly undergone is unlikely 
to be a signifi cant factor in other samples in this 
study, it may have played a role which stabilised 
monazite in these already melt depleted rocks. 
The presence of monazite with high Th contents 
in the UHT septa shows that monazite can in 
some cases resist high temperature dissolution 
processes.
7.7 Diff erentiation of continental crust 
through partial melting
The IVZ lower crustal section contains abundant 
mafi c and calc-silicate rocks throughout (e.g. 
Bertolani, 1968; Rutter, Brodie, James, & Burlini, 
2007) and the extensive Mafi c Complex is located 
at the base of the section (e.g. Peressini et al., 
2007; Quick et al., 2003; Sinigoi et al., 1994). 
The monazite record reported here supports 
the idea that the Mafi c Complex was a major 
heat source for high pressure, high temperature 
metamorphism and that it was emplaced at 
or near the peak of metamorphism. The total 
volume of metabasic crust in the Val Strona 
section (excluding the Mafi c Complex) is 10–30%, 
with a further 8–14% metacarbonate lithologies 
(estimated from Bertolani, 1968; Rutter et al., 
2007). However, much of the Th in the section 
is hosted by metapelite layers (although some 
of the subordinate metabasic layers contain 
huttonite; see also Förster & Harlov, 1999) that 
have an average Th content 70 times greater than 
associated subordinate metabasic layers within 
the pelite (metapelite layers 21.0 ± 2.5 ppm, 
metabasic layers 0.3 ± 0.3 ppm; from Alessio et al. 
(2018) and Bea and Montero (1999), respectively). 
These metapelitic layers comprise ~50% of the 
metamorphic sequence in Val Strona (Bertolani, 
1968; Rutter et al., 2007). As shown here and 
also in Alessio et al. (2018), the process of partial 
melting of pelitic rock types does not result in a 
net loss of Th from residual rocks except in the 
case of extreme metamorphism, at temperatures 
in excess of 900 C (see also Ewing et al., 2014; 
Yakymchuk & Brown, 2019). This is consistent 
with Bea and Montero (1999) and Bea (2012) who 
argued that segregated melts had equal or lower 
Th and overall heat production than their sources, 
as well as observations of both Th concentrations 
and radiogenic heat production in numerous 
other metasediment-dominated terranes (e.g. 
Chapter 2; Alessio et al., 2018; Skrzypek et al., 
2018). The conservation of high heat production 
in granulite facies rocks is thought to be strongly 
infl uenced by the behaviour of the accessory 
minerals, particularly monazite, in partially 
melted metasedimentary rocks (see also Alessio 
et al., 2018; Yakymchuk & Brown, 2019).
The conservation of relatively high heat 
production (2.29 ± 0.05 Wm-3; Alessio et 
al., 2018) in the IVZ lower crustal (granulite) 
metapelites may have assisted the attainment 
of peak temperature conditions (e.g. Jamieson, 
Beaumont, Fullsack, & Lee, 1998; Nandakumar 
& Harley, 2019; Yakymchuk & Brown, 2019), 
helped to sustain elevated thermal conditions 
for a prolonged (> 30 Myr; this study) period 
(e.g. Clark, Fitzsimons, Healy, & Harley, 2011; 
Holder, Hacker, Horton, & Rakotondrazafy, 2018; 
Horton et al., 2016; Kelsey & Hand, 2015) and 
resulted in slow cooling of the terrane relative 
to the conductive geotherm (Ewing et al., 2015; 
Yakymchuk & Brown, 2019). 
The IVZ example shows that partial melting of 
metasedimentary-dominated crust can conserve 
its thermal potential energy (in the form of 
heat producing elements; Fig. 3, see also Alessio 
et al., 2018; and Yakymchuk and Brown, 2019). 
Therefore, if the lower crust is depleted in heat 
producing elements, as has been proposed (e.g. 
Rudnick & Gao, 2003; Rudnick & Fountain, 1995), 
it is due to other processes and/or a dominance of 
rock types with low Th and U. However, according 
to the calculations of Hacker, Kelemen, and 
Behn (2011), a minimum of 27% of samples from 
granulite terranes and 43% of rocks from ultra-
high pressure terranes are peraluminous, pelitic 
metasediments. This suggests that the exposed 
distribution of felsic and mafi c rock types in the 
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NW were 467.3 ± 11.1 Ma for 207Pb/206Pb, 446.1 ± 2.1 
Ma for 206Pb/238U, and 448.1 ± 2.9 Ma for 207Pb/235U 
(2 propagated errors; n = 27). An additional 1.5% 
error was propagated in quadratic to the fi nal 
weighted average ages to account for systematic 
errors (see also Horstwood et al., 2016). 
Common Pb could not be explicitly measured 
due to the unresolvable interference of 204Hg on 
204Pb. A common Pb correction was applied to the 
unknowns using the “VizualAge_UcomPbine” 
data reduction scheme (DRS) in the Iolite software 
(Chew, Petrus, & Kamber, 2014; Paton et al., 2011; 
Petrus & Kamber, 2012). This DRS was used to 
apply an automated common Pb correction to all 
unknowns using the 207Pb method and an initial 
207Pb/206Pb ratio of 0.805976, determined by 
regression of all unknown data in the study.
The unknown data in this study show a clear 
discordant trend attributed to common Pb as 
APPENDIX S3.1: DETAILED 
ANALYTICAL TECHNIQUE 
FOR LA–ICP–MS MONAZITE 
GEOCHRONOLOGY AND TRACE 
ELEMENT ANALYSIS 
U–Pb monazite geochronology was obtained 
by LA–ICP–MS and was performed at Adelaide 
Microscopy, the University of Adelaide, using 
an Australian Scientifi c Instruments (ASI) 
Resolution M-50-LR 193 nm excimer laser in a He 
ablation atmosphere, coupled to an Agilent 7900 
ICP-MS. Monazites were analysed simultaneously 
for U–Pb geochronology and trace elements. 
Ablation of monazites was performed in situ with 
a beam diameter of 13 μm. A repetition rate of 5 
Hz was used, with a total acquisition time of 60 s, 
comprising 30 s of background measurement and 
30 s of sample ablation. Ablation sites were cleaned 
prior to analysis to remove contamination using 
fi ve single pulses of the laser before measurement 
of the background.  Measured isotopes and dwell 
times for geochemistry and trace elements are 
given in Table S3.1.1.
Iolite (v. 3.0; Paton, Hellstrom, Paul, Woodhead, 
& Hergt, 2011) was used to reduce raw LA–ICP–
MS data including corrections for baseline, 
instrumental drift, mass bias and down-hole 
fractionation using a primary reference material 
interleaved with the unknowns. The primary 
reference material for U–Pb ratios was MAdel 
monazite standard (TIMS normalisation data: 
207Pb/206Pb age = 492.01 ± 0.77; 206Pb/238U age = 517.9 
± 2.6 Ma; 207Pb/235U age = 513.13 ± 0.20 Ma; De Vries 
Van Leeuwen, Morrissey, Kelsey, & Raimondo, 
2019) with an overestimated absolute uncertainty 
of 1% assigned to each normalisation age, and the 
NIST610 trace element glass (Standard reference 
material, National institute of Standards and 
Technology) for trace elements. Data accuracy 
was also monitored by repeat analyses of the 
in-house internal standard, 94-222/Bruna-NW 
monazite (SHRIMP data: 206Pb/238U = 450.2 ± 3.4 
Ma; Maidment, 2005). Over the duration of this 
study, the reproducibility (external precision) 
of the MAdel standard was 491.0 ± 6.83 Ma for 
207Pb/206Pb, 518.4 ± 1.0 Ma for 206Pb/238U, and 512.7 
± 1.2 Ma for 207Pb/235U (2 propagated errors; n = 
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 APPENDIX S3.3: WHOLE ROCK GEOCHEMISTRY FOR IVREA–VERBANO 
METAPELITE SAMPLES.
Supplementary Table S3.3.1. Whole rock geochemistry for Ivrea Verbano metapelite samples Major elements are pressetned 
as oxide wt%, trace elements as ppm. % errors calculated from standard data. Sample locations are in UTM coordinates using 
WGS84 datum, zone 32T.
Sample %error (2 ) IV16-01 IV16-02 IV16-03A IV16-04 IV16-05 IV16-06 IV16-07 IV16-08 IV16-09A 
Easting (mE)  449390 449812 450804 451834 452131 452387 448640 446706 446472 
Northing (mN)  5084067 5083630 5083388 5083247 5082826 5082544 5083912 5084125 5084856 
Major elements (%) 
       
  
SiO2 0.19 48.93 52.51 49.18 60.65 64.19 62.62 51.88 56.96 66.39 
TiO2 0.36 0.75 0.9 1.34 1.3 0.79 0.93 1.16 1.16 0.79 
Al2O3 0.26 24.87 22.31 28.66 16.79 18.12 17.09 28.54 22.88 15.75 
Fe2O3T 0.21 7.44 9.14 12.18 7.47 6.48 7.09 12.57 9.79 6.41 
MnO 0.54 0.06 0.15 0.14 0.13 0.09 0.09 0.13 0.19 0.11 
MgO 0.19 3.25 2.34 3.48 4.03 2.8 2.93 1.69 2.91 2.05 
CaO 0.16 8.94 5.03 0.15 6.07 1.73 2.41 0.56 0.47 6.46 
Na2O 0.38 2.86 3.38 0.46 0.84 2.8 4.5 0.74 1.21 0.49 
K2O 0.54 2.56 4.26 4.29 2.65 2.98 2.2 2.87 3.93 1.43 
P2O5 0.69 0.12 0.17 0.05 0.33 0.18 0.13 0.06 0.17 0.19 
Total  99.78 100.19 99.93 100.26 100.16 99.99 100.2 99.67 100.07 
LOI - 2.84 2.74 1.62 1.26 1.76 1.85 1.88 2.41 0.95 
Fe2O3 0.21 5.23 6.44 10.37 6.85 5.66 5.48 8.53 7.96 4.49 
FeO 0.21 1.63 1.98 0.66 -0.14 0.19 1.00 3.09 0.94 1.42 
Trace elements (ppm) 
      
  
Rb 11.55 161.3 210.4 283.2 129.6 134.1 86.3 228 232.5 96.1 
Sr 1.94 1554 660 62 325 308 249 205 125 337 
Y 2.29 32.5 34.1 16.2 21.4 28.1 35.8 45.3 28 33.2 
Zr 2.33 122 178 161 225 189 241 203 189 304 
V 1.40 178 146 203 152 140 136 173 179 103 
Ni 1.15 51 57 72 48 60 69 69 76 35 
Cr 5.98 124 106 160 125 110 128 165 166 96 
Nb 4.98 15.5 23.4 25.9 10.8 14.5 19.6 36.5 24.8 20.2 
Ga 1.51 36.4 27.2 39.8 20.4 24.9 23.4 44.7 32.1 22.3 
Cu 5.54 40 47 96 27 59 38 26 36 26 
Zn 1.09 136 155 191 78 114 88 205 143 92 
Co 4.88 14 20 42 22 23 24 37 31 11 
Ba 12.43 278 776 610 357 720 428 399 475 428 
La 15.81 54 50 30 18 21 34 43 26 37 
Ce 5.97 93 98 62 32 45 63 76 56 66 
U 74.50 2.7 0.25 0.25 0.25 0.25 1.8 0.25 0.25 0.9 
Th 75.47 13 25.7 30.5 5.9 17 22.3 37.2 24.9 16.2 
Sc 3.80 20 19 22 17 15 13 18 17 10 
Pb 69.28 13 34 0.5 0.5 9 7 9 7 0.5 
61
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Chapter 4 Thorium substitution in monazite
Temperature dependence of thorium substitution 
mechanisms in monazite
ABSTRACT 
Recent studies have provided evidence that the formation temperature of monazite directly controls 
its Th concentration as well as the ratio of the two Th-endmembers of monazite. To fi nd out if this 
could be observed more broadly, we compiled the largest database to date of full chemical analyses of 
monazite, linked to pressures and temperatures of formation. We use this dataset to investigate the 
trends in Th-in-monazite and Th-endmember fractions as a function of pressure and temperature. 
With this dataset, we show that Th-in-monazite increases with temperature, with little eff ect from 
pressure. We cast the data in terms of the two thorium-bearing monazite endmembers – huttonite and 
cheralite – and show that, of the two, cheralite is the more dominant endmember. Huttonite becomes 
signifi cant in partially melted rocks, showing an antithetic relationship with cheralite, but is otherwise 
of low fraction. These mechanisms within monazite fundamentally control the Th contribution to 
the heat producing element budget within common crustal rocks. Our fi ndings provide potential for 
added utility of monazite in decoding crustal processes to complement wide and growing usage of 
monazite in geoscience research.
1 INTRODUCTION
The rare earth element (REE)+Y+Th+U phosphate 
mineral monazite only makes up <0.1 vol% of 
common peraluminous crustal rock types, but 
commonly has high ThO2 concentrations (1–10 
wt%). It therefore typically hosts more than half 
the Th in these rocks. Monazite can display a wide 
variety of morphologies and internal chemical 
and isotopic zoning patterns (see Fig. 3 in Taylor 
et al., 2016 and references therein). These zones 
can be retained within grains through multiple 
cycles of metamorphism and partial melting (e.g. 
Yakymchuk et al., 2015). In addition, monazite 
is stable in rocks recording a wide range of 
pressure and temperature conditions (Fig. 1; see 
also appendix S4.1). This suggests monazite has 
the potential to record considerable information 
about the conditions in which it formed. 
The full detail of the processes that cause 
each of the wide variety of internal zoning 
patterns in monazite is yet to be revealed. 
Nevertheless, patterns within the scatter of 
natural compositional point and map datasets are 
somewhat evident. For example, when monazite 
grows in equilibrium with garnet and/or xenotime 
it records sensitive, temperature dependent, 
compositional information which can be 
extracted to decode the heating path of the rock 
(e.g. Gratz and Heinrich, 1997; Pyle et al., 2001; 
Seydoux-Guillaume et al., 2002). With regard to 
Thorium, we have shown in chapters 2 and 3 that 
there are systematic patterns to its behaviour 
in monazite with changing metamorphic grade 
(see also Skrzypek et al., 2018), and numerous 
other studies have proposed this with smaller 
datasets (e.g. Bea and Montero, 1999; Foster et 
al., 2000; Kohn and Malloy, 2004; Overstreet, 
1967). Fully understanding Th behaviour in 
monazite is complicated due to Th substituting 
into monazite via two diff erent coupled exchange 
end-members. It is not yet explicitly understood 
whether the ratio of the two Th-endmembers 
(cheralite, Ca0.5Th0.5PO4, and huttonite, ThSiO4) 
in natural monazite changes systematically with 
metamorphic grade or mineral assemblage. If we 
are to more fully understand the behaviour of 
Th in monazite and in peraluminous rocks, we 
need to understand the interplay between the 
two Th-end-members of monazite as a function 
of pressure, temperature and rock composition 
(P–T–X). Ultimately, a better understanding 
of Th behaviour in monazite will improve 
our understanding of monazite’s control on 
radiogenic heat production in the crust as well as 
our ability to forward model monazite stability 
and composition (Chapter 5).
For individual studies, measured monazite 
composition can show apparently contradictory 
compositional trends between terranes or even 
between grains in a single sample. For example, 
previous work has demonstrated inconsistency 
within Th patterns in monazite grains (e.g. 
decreasing Th from core to rim; Kohn & Malloy, 
2004; Th-in-monazite is constant or increases 
with metamorphic grade; Chapter 2; Skrzypek 
et al, 2018; monazite rims enriched in cheralite 
component over huttonite component relative 
to monazite cores and vice versa; e.g. Franz et 
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there are in fact systematic, universal trends 
in monazite chemistry as a function of 
metamorphic grade, we have collated a dataset 
from existing literature containing over 5000 
monazite compositional analyses. This is the 
largest dataset of its kind to date, and contains 
monazite compositions including REE, Th, U, 
Ca, Si, Y and P, peak pressure and temperature 
estimates for the monazite analyses as well as 
whole rock composition, where possible. Using 
this dataset, we aim to address the following 
questions: (a) How do monazite compositional 
observations compare between studies and 
terranes?; (b) What are the universal trends and 
range of concentrations of Th-in-monazite and Th 
endmembers?; (c) Can apparently contradictory 
observations of monazite chemistry trends from 
diff erent studies be reconciled?; (d) Does Th-in-
monazite display equilibrium- or trace element-
type behaviour?; and (e) Can we explicitly defi ne 
how cheralite and huttonite vary across P–T 
space? We recognise that there are limitations 
with this approach (discussed below), but we 
believe that the approach enables us to gain 
valuable insight into global trends in monazite 
behaviour. We supplement this integrated data 
approach by assessing and comparing with the 
best constrained studies. This gives us a basis for 
hypothesis testing within the larger database.
1.1 Thorium substitution mechanisms in 
monazite 
Thorium is incorporated into monazite through 
two coupled substitutions: the cheralite 
substitution (1) and the huttonite exchange (2) 
(see Williams et al., 2007 and references therein). 
2REE3+ ↔ Th4+ + Ca2+ (1)
P5+ + REE3+ ↔ Th4+ + Si4+ (2)
Cheralite is typically observed to be the more 
abundant of these two endmembers in natural 
monazite (Bial et al., 2015; Bial et al., 2016; Finger 
et al., 1998; Finger and Helmy, 1998; Franz et al., 
1996; Kelly et al., 2006; Kelly et al., 2012; Laurent 
et al., 2018; Manzotti et al., 2018; Martins et al., 
2009; Nagy et al., 2002). Huttonite fraction is 
commonly observed to decrease in monazite 
grains from core to rim (Finger et al., 1998; Finger 
and Helmy, 1998; Kelly et al., 2006; Laurent et al., 
2018), even accounting for Si coupled to U, but the 
opposite trend is also observed (Bial et al., 2016; 
Franz et al., 1996; Kelly et al., 2012). In isolation is 
not (yet) possible to resolve these discrepancies. 
It remains unclear how the ratio of cheralite 
and huttonite changes as a function of pressure, 
temperature and bulk rock composition and what 
the controlling factors are on the incorporation 
of Th into monazite by each of these substitution 
mechanisms. It is also unclear what role, if any, 
melt plays in the observed variability in cheralite 
and huttonite proportions.
2 DATASET COLLATION
The dataset used in this study contains 5414 
monazite chemical analyses, linked with pressure 
and temperature conditions which span a range of 
metamorphic facies, thermal gradients, ages and 
tectonic settings (Fig. 1, Appendix S4.2). In the 
analysis below, we identify compositional trends 
based on the moving mean of data and then 
seek clarifi cation of specifi c element exchange 
mechanisms based on the best constrained data. 
We consider this to be a reasonable interpretation 
of the data that allows for global, systematic 
trends to be identifi ed with limited infl uence 
from outlying data points. This method produces 
similar trends to those defi ned by the highest 
density of data (see Appendix S4.3).
Temperatures are defi ned based on the following 
available hierarchy of information from the original 
publications: (1) point analysis temperature 
from Y-in-monazite thermometry; (2) grain 
temperature from Y-in-monazite thermometry; 
(3) sample temperature from conventional 
or phase equilibria thermobarometry; or (4) 
temperature interpolated or extrapolated from 
other samples within the terrane. Where possible 
we used temperatures associated with individual 
analyses provided by the original authors. We 
used a similar hierarchy to defi ne pressures, but in 
most cases pressure estimates were only available 
for the whole rock (rather than individual grains 
or analyses). Where samples had undergone 
multiple phases of metamorphism, care was 
taken to try to associate monazite analyses with 
the conditions of interpreted formation of that 
grain. These were correlated using either age data 
or microstructural location from the original 
publications. Pressure and temperature errors 
were obtained from the original source data. 
Where possible these errors relate to the specifi c 
sample, otherwise the maximum method error 
from that study is used (e.g. when pressures and 
temperatures are extrapolated). Quoted P–T 
values are the middle of the P–T range in the 
original data source unless specifi cally described 
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otherwise in the literature. As such, the quoted 
method errors relate to the full P–T range 
described in the source publication.
Whole rock compositions, where available, are 
coupled to monazite compositions in the dataset 
to establish any whole rock geochemical infl uence 
on monazite composition. The data set contains 
1145 such coupled monazite compositions from 
102 rocks which is insuffi  cient to establish a 
trend, and so is not discussed further in this 
chapter (see chapter 5).
Data were fi ltered for quality, in particular Si and 
Ca contamination of analyses and stoichiometry. 
Due to the substitution mechanisms of Th into 
monazite, ideal monazite has equal cations of 
(Th+U) and (Ca+Si). For the purposes of this 
study, we consider poor analyses to be those with 
(Th + U) – (Ca + Si) <–0.05, i.e. an excess of Ca 
and/or Si which cannot be accommodated by the 
available (measured) Th and U. Additionally, 
ideal monazite has equal cations of (P+Si+S) 
and (REE+Y+Th+U+Ca) due to substitution of 
these elements into the tetrahedral and A-sites, 
respectively. For the purposes of this study, we 
consider poor analyses to be those with |(P+Si+S) 
– (REE+Y+Th+U+Ca)| > 0.15, i.e. an excess in the 
tetrahedral site which cannot be balanced by the 
A-site and vice versa. A total of 143 data points 
were discarded on the basis of this criterion from 
an original total of 5698. A further 219 monazite 
chemical analyses could not be linked with P–T 
conditions and are therefore not included in our 
analysis (see Appendix S4.2), leaving 5414 analyses 
on which the interpretation below is based.
Cations were calculated on a 4-oxygen basis 
from oxide wt% values given in original studies. 
Monazite endmember proportions were 
calculated from the normalised P, Ca and Y atoms 
per formula unit (APFU) from raw data after the 
data quality checks (see above) were made. The 
endmember fractions are calculated as follows: 
REEmnz, p(mnz) = P- (Y + 2Ca); cheralite, 
p(cher) = 2Ca; huttonite, p(hut) = 1- P-U; coffi  nite 
(USiO4) = U; and ‘xenotime’ (Y-monazite) = 
Y; where P, Y, Ca and U are the APFU values 
normalised to their respective crystal sites 
(P+Si=1, REE+Th+U+Ca+Si+Y=1). Uranium was 
assumed to occur as coffi  nite only in line with 
the vast bulk of studies on monazite. Alternative 
methods of casting and visualising the data to 
identify compositional trends produced similar 
outcomes (see Section 4.4 and Appendix S4.3).
3 RESULTS
The dataset contains monazite analyses in the 
pressure range 1.0–41.5 kbar, with the majority 
of the data in the range 1.0–18.0 kbar (Fig. 1). 
Over the full pressure range there is no trend 
in the amount of Th4+ contained in monazite or 
the proportions of the cheralite and huttonite 
endmembers with pressure (Fig. 2a–c).  
Monazite analyses span the temperature range 
250–1080 C (Fig. 1). Th4+ in monazite increases 
from the lowest to highest temperature analyses 
(Fig. 2d). Within this overall increase are three 
trend segments: (1) Th4+ increases from 0.005 
at 250 C to 0.041 APFU at 550 C (values here 
and below averaged over 10 C window; Fig. 2d); 
(2) between 550 and 850 C, Th4+ plateaus at ~ 
0.048 APFU; and (3) at temperatures >850C 
Th4+ increases again to 0.062 APFU, though data 
density is low. P(cher) follows the Th4+ trend to 
c. 800 C, increasing from 0.024 to 0.086, after 
which it decreases to 0.028 (Fig. 2e). P(hutt) 
remains constant at c. 0.014 until c. 900 C, after 
which it increases to 0.055 (Fig. 2f).
Within the full dataset, Th4+ is in the range 0–0.324 
APFU (Fig. 2) with an interquartile range of 0.024 
APFU. P(cher) is in the range 0–0.455 (equating 
to Th4+ of 0–0.223 APFU) with an interquartile 
range of 0.042 and p(hutt) is in the range 0–0.280 
(equating to Th4+ of 0–0.140 APFU) with an 
interquartile range of 0.020.
4 DISCUSSION
4.1 P T dependence of Th in monazite
Th-in monazite is largely controlled by 
temperature, with a limited infl uence from 
pressure (Fig. 2a, d). This is consistent with the 
use of Y-in-monazite as a thermometer and the 
published positive slopes of reactions involving 
monazite growth (Janots et al., 2007; Spear, 2010; 
Spear and Pyle, 2010) and suggests that, of the two, 
total monazite composition is largely controlled 
by changes in temperature. There are two pressure 
regions where Th-in-monazite trends show 
variation: at pressures <2kbar; and in the interval 
11–13 kbar (Fig. 2a–c). In both instances, these 
data are limited to a small temperature window 
from a single terrane and study (Fig. 1) and do 
not correlate with the pressure trends from the 
remaining data. It is therefore unreasonable to 
interpret these perturbations as a function of 
pressure, but rather more strongly controlled by 
temperature as in both cases they fi t within the 
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monazite over this temperature interval suggests 
that The temperature at which this reaction occurs 
is a strong control on the Th concentration of the 
fi rst generation of metamorphic monazite. That is, 
the lower the temperature at which the allanite to 
monazite reaction occurs, the lower in Th the fi rst 
generation of metamorphic monazite will be. The 
variability of Th-in-monazite over this interval 
in the dataset is likely due to the progressive 
liberation of Th from allanite during the allanite 
to monazite transition. Th concentrations from 
monazites within the same sample can vary 
greatly at low temperatures, particularly where 
grain size is small (see Chapters 2and 3; Skrzypek 
et al., 2018). Monazite in such cases likely records 
formation from prograde allanite (as described 
above) over a temperature interval on the order 
of 10C (Spear, 2010), but such small changes in 
temperature are not resolvable within the current 
dataset.
At moderate to high temperatures (550–850 
C), the plateau in Th-in-monazite indicates 
that monazite is the main Th reservoir in these 
rocks. Allanite is typically not stable in (low-Ca) 
peraluminous rocks at the higher end of this 
temperature interval and REE and P are typically 
present in enough abundance to saturate the rock 
in monazite. Therefore, monazite incorporates 
Th up to a maximum imposed by the whole rock 
Th concentration of the sample. This maximum 
appears to be reached by most rocks at moderate 
temperatures (~550C, Fig. 2d). Over the interval 
550–850 C, monazite compositions also become 
more consistent within individual samples and 
terranes (Fig. 2d; Chapters 2 and 3; Skrzypek 
et al., 2018). The exact mechanism by which 
this process occurs is not certain, but Ostwald 
ripening and dissolution-precipitation creep have 
been proposed (e.g. Nemchin et al., 2001; Rubatto 
et al., 2001; Vavra et al., 1996; Wawrzenitz et al., 
2012; Williams, 2001). Regardless of the exact 
mechanism(s), the plateau in Th-in-monazite 
suggests that monazite mode does not change 
greatly over this interval.
The consistently high Th4+ concentrations in 
monazite grown at amphibolite facies conditions 
indicates that reported monazite grains which 
show higher Th cores grading to lower Th rims 
are probably formed by one of two processes: (a) 
equilibrium, whereby high Th cores are formed 
at higher temperatures than low thorium rims, 
recording retrograde growth of monazite; or (b) 
disequilibrium, whereby the local eff ective bulk 
composition of Th is suffi  ciently low once Th 
has been sequestered in monazite cores that the 
system transitions from equilibrium behaviour 
to trace element behaviour. The latter would 
present problems for interpreting monazite 
compositions in an equilibrium framework 
(particularly in low-Th rocks), but may occur 
only below some measurable threshold of bulk 
rock Th. However, the temperature dependence 
of the two Th-endmembers (Fig. 2e, f) shows that 
monazite arguably displays equilibrium rather 
than trace element behaviour (see also Goswami-
Banerjee and Robyr, 2015). This is supported 
by the calibrated Y-in-monazite thermometers 
(YAG–xenotime, YAG–monazite and monazite–
xenotime; Gratz and Heinrich, 1997; Pyle et al., 
2001; Seydoux-Guillaume et al., 2002). 
At high temperatures (>850 C), Th4+ and p(hutt) 
increase at the expense of p(cher). Whereas Th-
in-monazite can be elevated in UHT samples (Fig. 
2), the volume proportion of monazite in these 
samples is not typically reported. The volume of 
monazite is expected to be lower than at lower (i.e. 
amphibolite–granulite-facies) temperatures due 
to the prediction of more advanced dissolution 
of monazite into silicate melt with increasing 
temperature (e.g. Chapter 3). The result of this 
combined with melt loss is that the total (bulk) 
amount of Th in such rocks may be reduced (e.g. 
IVZ UHT monazite; Chapter 3; see also Alessio et 
al., 2018). 
P(cher) shows a gradual decline with temperature 
in the interval 750–850 C and declines abruptly 
above 850C (Fig. 2e). There are two exceptions 
in the database to this general decline in p(cher). 
In the samples from Laurent et al. (2018) both 
cheralite and huttonite are enriched in their 
highest grade samples ~5 kbar and 900 C. A 
similar trend is observed in some UHT monazite 
in the Ivrea–Verbano Zone (Chapter 3) at higher 
pressures and temperatures (~ 12 kbar and 
1000 C). The samples are some of the highest 
temperature analyses within their given pressure 
window (<5 kbar and >10 kbar; Laurent et al., 2018 
and Chapter 3 respectively). This suggests that 
at extreme high temperatures Th can become 
enriched in monazite for both Th endmembers, 
perhaps is mode is low, but it is unclear whether 
this process is ubiquitous since observations of 
monazite chemistry from such thermally extreme 
rocks are rare (see Appendix S4.2).
The Th-in-monazite trend in the dataset can 
also allow for the appraisal of specifi c features 
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a low cheralite:huttonite ratio (x(cher)) breaks 
down to form thorite (+ allanite) and monazite 
with a higher (x(cher)). If the proposed solvus 
exists, one should expect to also fi nd prograde 
textures of thorite and cheralite aggregates (e.g. 
Skrzypek et al., 2017), but identifi cation of the 
presence of pure thorite in such textures may 
be hampered by the small grain size typical of 
low temperature monazite (e.g. Rasmussen and 
Muhling, 2007; see also chapter 2). As allanite is 
commonly the major LREE+Th-bearing accessory 
mineral at low temperatures (see Janots et al., 
2008; Spear, 2010; Chapter 5), this may also be 
manifest as aggregates of thorite + allanite or a 
thorite–allanite–monazite mix in many rock 
compositions (e.g. Kim et al., 2009; Kingsbury et 
al., 1993; Skrzypek et al., 2017).
In addition to the proposed solvus closing with 
increasing temperature, the shift towards more 
huttonite-rich compositions at high temperatures 
(>950 C; Fig. 3) may indicate preferential 
dissolution of cheralite-rich monazite into melt 
at ultra-high temperatures. If this is true, this 
change to monazite composition could be linked 
to the undersaturation of Ca in melt, related to 
the absence of plagioclase (and perhaps apatite) 
from such high T rocks. If by ~950 C plagioclase 
has all been consumed by melting reactions, then 
with further temperature increases melt will 
become progressively more undersaturated in 
Ca. This could drive the breakdown of Ca-bearing 
accessory minerals, such as monazite and apatite. 
However, as long as plagioclase and/or apatite 
remain present (stable) in a rock, monazite should 
remain cheralitic and the huttonite fraction 
should not become the dominant Th fraction 
of monazite. This is suggested by the dataset, 
where cheralite dominates until temperatures of 
~950C, and huttonite above that. This fi nding 
demonstrates an example of what may be 
possible to understand about monazite with the 
availability of ‘big data’.
4.3 Monazite composition in crustal sections
In terms of specifi c studies, monazite compositions 
from three obliquely exposed crustal sections: 
the Ivrea–Verbano Zone (IVZ; Chapter 3); the 
Ryoke Belt, SW Japan (RB; Skrzypek et al., 2018); 
and Mt Staff ord, central Australia (STF; Chapter 
2) have recently been described and present an 
opportunity to compare the response of monazite 
along diff erent thermal gradients to the trends in 
the dataset. In all three studies, bulk composition 
as a potential controlling factor on monazite 
composition was specifi cally addressed to be as 
minimal as possible. Whereas there are nearly 50 
studies included in the dataset (Appendices S4.1 
and S4.2), these three have a specifi c focus on 
Th-in-monazite in a P–T framework, so provide 
the opportunity to compare the authors’ original 
interpretations. 
All three terranes show evidence of several 
monazite compositional zones of prograde 
to peak growth within individual grains and 
the preservation of prograde cores in higher 
temperature samples. In the lower pressure RB 
and STF, prograde monazite cores are preserved 
to peak metamorphic temperatures, well into 
the granulite facies (800–880 C; Chapter 
2; Skrzypek et al., 2018). In the IVZ, along a 
steeper P–T gradient, prograde monazite cores 
are present in amphibolite facies rocks but not 
in the granulite facies rocks (Chapter 3).  This 
diff erence is possibly due to the higher strain 
recorded by the IVZ samples, which may have 
facilitated dissolution–precipitation creep in 
the IVZ over other processes such as Ostwald 
ripening (Chapter 3).
There are similarities in the trends in Th-in-
monazite with metamorphic grade in these three 
terranes. The earliest prograde monazite in IVZ 
and the RB includes grains with the lowest Th 
concentration (Chapter 3; Skrzypek et al., 2018) 
and in the RB and at STF, aggregates of small (~1 
μm) monazite grains with highly variable Th are 
observed in the lowest temperature (< 590 C) 
samples (Chapter 2; Skrzypek et al., 2018). Given 
the small size of these grains, the fact that they 
occur as aggregates and the diffi  culty in obtaining 
uncontaminated analyses, it may be that they are 
actually aggregates of thorite and more REE-/
cheralite-rich monazite (see discussion of solvus, 
above). Such aggregates are interpreted by 
Skrzypek et al. (2018) to be pseudomorphs after 
allanite. By this mechanism, the fi rst monazite 
formed by the continuous allanite (+ apatite) 
breakdown reaction (e.g. Goswami-Banerjee 
and Robyr, 2015) has low Th contents, leaving 
remaining allanite, and ultimately newly formed 
monazite, progressively more enriched in Th. 
This transition occurs over a relatively small 
temperature window (~ 10C), evidenced by the 
rare occurrence of coexisting prograde allanite 
and monazite preserved in the same sample and 
replicated by modelling studies (e.g. Spear 2010). 
This interpretation is consistent with the trends 
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in the dataset which show low temperature 
monazite is generally Th-poor but can have highly 
variable Th contents (Fig. 2d). In the RB and at 
STF these aggregates become the cores of grains 
at higher temperature, with amphibolite and 
granulite facies rims proposed to form through 
Ostwald Ripening (see also Chapter 2; Skrzypek 
et al., 2018), although there may be other 
mechanisms to explain their formation. Similar 
variable Th cores are observed in amphibolite 
facies monazite in the IVZ (Chapter 3) and so may 
have formed by similar processes. 
At the sample scale at STF and the RB, chemical 
equilibrium for Th and the LREE appears to be 
reached by ~600 C, indicated by the transition 
from aggregates of small metamorphic monazite 
grains with variable Th concentrations (as 
described above) to more homogeneous monazite 
compositions (Chapter 2; Skrzypek et al., 2018). 
This is similar to the trend in the dataset, where 
chemical equilibrium appears to be reached by 
~550 ºC. 
Amphibolite to granulite facies monazite have 
relatively constant Th concentrations in all three 
terranes (maximum temperatures 820 ºC, 900 ºC 
and 880 ºC for STF, IVZ and RB, respectively), 
as refl ected by the trends in the global dataset to 
~850 ºC. However, in the RB there is also a sub 
population of peak granulite facies (~ 880 C) 
monazite with higher Th concentrations (and also 
high Y concentrations; Skrzypek et al., 2018). UHT 
monazite in highly residual rock compositions 
(IVZ) has very high Th concentrations, facilitated 
by high proportions of both cheralite and 
huttonite, similar to the analyses of Laurent et al. 
(2018) (see discussion above). 
IVZ, STF and RB all share some key characteristics 
in cheralite:huttonite ratios (Chapters 2 and 3; 
Skrzypek et al., 2018). In all three terranes the 
cheralite substitution dominates from the lowest 
temperature monazite through the amphibolite 
facies and the Th concentration of monazite 
increases with an approximately constant 
cheralite:huttonite ratio to the upper amphibolite 
facies (Chapter 2; Skrzypek et al., 2018). In the 
IVZ and the RB, monazites formed at the peak 
of granulite facies metamorphism have higher 
proportions of the huttonite end-member and 
commensurately lower cheralite proportions 
(Chapter 3). This trend is not observed at STF but 
the cause of this diff erence remains unclear. Both 
the IVZ and STF show similar positive correlations 
between the proportion of huttonite and Th/U 
ratios of monazite throughout the sections 
and no correlation between the proportion of 
cheralite and the Th/U ratio of monazite. It is 
unclear whether the RB shows the correlation of 
huttonite proportion and Th/U due to the limited 
suite of elements reported in monazite analyses 
(only Ce, La, Th, U, Pb, Ca, Si, S, K were reported, 
no P, Y or mid to heavy REE). 
In both the IVZ and at STF, the modal abundance 
of monazite increases with metamorphic grade 
from amphibolite to granulite facies (Chapters 
2 and 3), consistent with other studies reporting 
monazite modal abundance (qualitative or 
quantitative) increases over metamorphic grade 
(Foster et al., 2002; Franz et al., 1996; Rubatto 
et al., 2001; Schulz, 2017; Williams, 2001). In the 
case of STF, this increase is observed in both 
pelitic and psammitic rock types (Chapter 2). 
These increases can be partially explained by a 
decrease in the rock volume due to the extraction 
of melt, estimated to be up to 40% in the IVZ 
and > 25% at STF (Redler et al., 2013; White et 
al., 2003), with monazite residing largely within 
the residuum. Even accounting for melt loss, 
this scenario requires that monazite does not 
rapidly dissolve in melt (Stepanov et al., 2012), 
which could be facilitated by a combination of: 
small volume, rapid, episodic melting and melt 
extraction; kinetic or physical restriction of 
monazite dissolution; injection of REE-, P- and 
Th-saturated melt from deeper crustal levels 
(see also Yakymchuk and Brown, 2019); and/
or suffi  ciently high whole rock concentrations 
of Y+REE+Th for monazite terminal stability to 
greatly exceed the thermal maximum at IVZ and 
STF (~ 880–1000 C; Yakymchuk, 2017).
4.4 Dataset limitations
There is considerable potential for smearing 
within the dataset due to the ambiguity in 
assigning pressures and temperatures to 
individual monazite analyses. We have taken care 
to ascribe reasonable and justifi able pressures and 
temperatures to formation to monazite grains 
(see section 2). However, despite our careful 
approach, there remains potential that prograde 
and retrograde grains are ascribed higher 
temperatures due to an absence of the specifi c 
P–T information in the original publications for 
monazite grain growth required for our analysis. 
In addition, many data points have large P–T 
uncertainties (>1 kbar and >50 C) which may 
further increase the smearing in the dataset.  
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Monazite compositions were coupled to whole 
rock compositions, where possible, but no trend 
could be established between the two. This is 
largely for two reasons: (1) for a given study, 
many monazite compositions are linked to a 
single whole rock chemistry (sample) and also 
P–T–X point; and (2) a considerable amount 
of the available bulk rock data is missing the 
monazite-forming elements P, REE , Y and Th 
concentrations (with only 60 analyses including 
all of P, Ce, Y and Th) or other elements known to 
be signifi cant in monazite formation (e.g. Al and 
Ca). Therefore, the whole rock compositional 
data are not suffi  ciently densely populated to 
allow for extraction of bulk chemistry trends as 
distinct from P–T trends and signifi cantly more 
coupled analyses would be required to show 
these trends explicitly. 
The dataset can also potentially be skewed 
by a small but highly sampled population of 
monazites from individual studies (e.g. sample 
R14, 5 grains, 62 analyses; Bhowmik et al., 2010). 
If such a population has a signifi cantly diff erent 
chemistry to other analyses from other samples 
and studies at similar P–T conditions (e.g. 30 
wt% ThO2 in population in a single study vs 10 
wt% ThO2 in all other samples in the global 
dataset; Fig. 2) it can create apparent and 
skewed changes to the averages which are not 
refl ective of the overall trends. The aim of this 
study is to understand how changes in pressure, 
temperature and composition (P–T–X) aff ect 
monazite composition and stability. In the case 
of sample R14, these monazite analyses have 
been excluded from interpretation of the dataset 
because analyses are clear outliers to the general 
trends (see grey data at 8 kbar and 710 C in Fig. 
2) but there is insuffi  cient information from 
the sample itself (e.g. whole rock chemistry, 
mineralogy), or enough of a population from 
other studies to explore why it is diff erent from 
the other samples. 
The method of casting cheralite and huttonite 
from Ca and P (see section 2) results in an over-
estimation of Th-in-monazite by a median of 
0.0067 APFU (see ‘ThOverEst’, Appendix S4.2), 
which is similar to the Si excess observed by 
Pyle et al. (2001). In the ideal case, measured Th 
should be equivalent to p(hut) +0.5p(cher) and an 
over estimation of Th points to excess of Si and Ca 
in the original analyses (after fi ltering for Th+U 
= Si+Ca, see section 2). While this is not ideal, 
the threshold for fi ltering |Th+U = Si+Ca|<–0.05 
was chosen to maximise the available data while 
removing the most contaminated data and those 
with an underestimation of Si and Ca (i.e. too 
much Th+U). Casting cheralite and huttonite from 
REE and Si is also possible and produces similar 
results, trends and uncertainties. However, the 
original studies included in the dataset do not 
present a consistent set of REEs, with LREEs 
being ubiquitously reported but M-HREEs only 
being reported by some studies. The choice 
was made to cast using Ca and P to avoid the 
uncertainty introduced by this inconsistency in 
REE analysis/reporting.
Smearing of x(cher) data at low (<300 C) 
temperatures (Fig. 3) is likely due to low Th 
concentrations (<0.02 APFU), which increases 
the noise in these data points. This may be 
exacerbated by the diffi  culty in obtaining 
uncontaminated mineral compositional analyses 
from tiny monazite grains typical of very low 
metamorphic grade rocks (i.e. Si contamination) 
and also by the potential for mixed analyses in 
fi ne grained aggregates of monazite and thorite 
common in low-grade rocks as described above. 
This could be clarifi ed by specifi c experiments 
exploring this potential solvus, notwithstanding 
the issues associated with low temperature 
experimental petrology.
4.5 Implications of the dataset
4.5.1 Understanding monazite formation and 
chemistry
By incorporating data from a wide range of 
sources and locations, this dataset gives a greater 
contextual understanding of the range that 
monazite compositions can span and what the 
tail distributions are (to allow identifi cation of 
true outliers). This is important for the language 
used to describe monazite in individual samples 
or studies. Descriptions such as ‘high Th’ or ‘low 
Th’ are often used for describing monazite but are 
only contextualised within the range of measured 
compositions for that study. This dataset collates 
monazite compositions to provide a more 
rounded, global understanding of, for example, 
what ‘high’ and ‘low’ Th monazite are. This may 
assist in identifying signifi cant trends in future 
studies of monazite chemistry as well as assisting 
in the identifi cation and explanation of outlying 
data. This global ‘baseline’ is critical if we are to 
understand the complex relationships between 
the zoning of diff erent elements in monazite. 
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The challenge of understanding monazite zone 
morphologies and chemistries was a critical issue 
raised by Taylor et al. (2016), in part because of 
the lack of a global dataset showing monazite 
chemistry in a P–T framework. Even though 
zoning within an individual monazite grain 
can still be diffi  cult to interpret in isolation, if 
enough monazite within a single sample are 
mapped, patterns are likely to emerge that can be 
understood (with reference to the global dataset) 
that give information about the P–T evolution 
of a sample (see also Williams 2017). Since the 
publication of the Taylor et al. (2016) review, 
several detailed, P–T linked monazite studies 
have been published which are included in the 
dataset here (Chapters 2 and 3; Klonowska et al., 
2017; Laurent et al., 2018; Manzotti et al., 2018; 
Nicollet et al., 2018; Schulz, 2017; Skrzypek et 
al., 2017; Skrzypek et al., 2018). These studies, in 
addition to chapters 2 and 3, contribute invaluable 
data to the global dataset as they provide a 
detailed framework for a way to understand 
complex compositional zoning in monazite for 
studies where diff erent metamorphic grade rocks 
(in a P–T gradient) are not exposed/preserved 
and therefore the zoning in monazite has to be 
studied more in isolation. In particular, these 
studies show that there are systematic patterns in 
the compositional zoning preserved in monazite 
grains, and that these correlate to changes in P–T 
(metamorphic grade). This is where the provision 
of a global dataset has great utility. 
Thorium is not a major contributor to the modal 
proportion of monazite in the rock, particularly 
at temperatures <~550 C (Williams et al., 2007). 
Therefore, it is not necessary that trends in 
monazite mode are linked to the availability of Th 
in the host rock. Changes in monazite mode are 
predominantly controlled by REE-in-monazite 
(see also Skora and Blundy, 2010; Williams et 
al., 2007), and the absolute amount of the Th 
endmembers remains relatively constant if 
monazite mode is not changing rapidly. It may 
be that the trend of increasing Th-in-monazite in 
samples >900 C (Fig. 2) is, at least in part, the 
result of a decreasing mode of monazite without 
a commensurate decrease in the total amount of 
the Th-bearing endmembers, i.e. that cheralite 
and huttonite are increasingly favoured at high 
temperature. This is supported by laboratory 
experiments that show increasing DThmnz/liq with 
increasing temperature (see also Chapter 3; 
Stepanov et al., 2012). 
4.5.2 Understanding limits to monazite 
stability
Monazite stability has long been argued to be 
a function of the bulk LREE content (e.g. Bea, 
1996; Janoušek et al., 2016; Montel, 1993; Rapp et 
al., 1987; Watt and Harley, 1993). This has been 
demonstrated by modelling studies of monazite 
(e.g. Kelsey et al., 2008; Spear, 2010; Spear 
and Pyle, 2010; Yakymchuk and Brown, 2014; 
Yakymchuk et al., 2017; Yakymchuk et al., 2018). 
Yakymchuck and Brown (2018) showed that Th 
has an additional control on stabilising monazite 
to high (~850 C for closed systems and >950 C for 
open systems) temperature. The data presented 
here supports the contention by Yakymchuck and 
Brown (2018) of Th helping to stabilise monazite 
since there are numerous studies that report 
monazite in rocks recording temperatures >900–
1000 C, even though bulk Ce in those samples 
(where available) is 55–73 ppm, which is below 
the dataset average of 86 ppm (Appendix S4.2). 
This stabilising eff ect of thorium on monazite 
with increasing temperature is supported by 
the presence of monazite in UHT rocks within 
the dataset (Chapter 3; Goncalves et al., 2004; 
Laurent et al., 2018; Nicollet et al., 2018; Pauly et 
al., 2016; Yakymchuk et al., 2015; Zhu and O’Nions, 
1999a, b). This monazite was interpreted in the 
original contributions to record the timing and 
conditions of peak (UHT) metamorphism, but 
the open system model in Yakymchuk and Brown 
(2018) is the only calculated monazite-bearing 
model so far which has predicted monazite to 
remain stable >950C. Therefore, the available 
data shows that both Th-in-monazite and melt 
extraction have major roles to play in retaining 
monazite (and therefore Th) in mid to lower 
crustal and thermally extreme rocks. 
From the distribution of monazite data in Fig. 
1, there is a clear boundary to monazite stability 
at low temperatures, below which monazite 
occurrences are rare. This boundary has a 
positive slope (Fig. 1), starting at approximately 
3 kbar, 300 °C and increasing to 600 °C (wet 
solidus) at 10 kbar. This monazite ‘forbidden 
zone’ to higher pressure and lower temperature 
likely refl ects the stability of allanite and/or other 
LREE- and Th-bearing phases below those P–T 
conditions. Whereas the stability of both allanite 
and monazite are expected to change with 
bulk composition (Spear, 2010), this boundary 
eff ectively represents the low-temperature 
extreme of monazite stability. Monazite 
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occurrence in HP and UHP rocks is likely to be 
limited by the positive slope of the allanite to 
monazite reaction, though monazite is reported 
from UHP terranes (e.g. Klonowska et al., 2017).
4.5.3 Implications for heat production in met-
amorphic rocks
The decay of four isotopes — 40K, 230Th, 235U 
and 238U — accounts for the large majority of 
heat produced by radiogenic decay in the crust. 
Approximately 20% of this heat production is 
accounted for by K (Jaupart and Mareschal, 
2005). Of the remaining 80%, Uranium 
contributes nearly 4 times more heat per mass 
unit than Th due to the fact that there are two 
isotopes of U which decay at faster rates than the 
one isotope of Th (see Bea, 2012). However, Th is 
approximately 4 times more abundant in average 
crustal rocks than U (e.g. Taylor and McLennan, 
1985). The result is that Th and U have roughly 
equal contributions to crustal heat production 
in common crustal rock types (~40% each; see 
Bea, 2012; Jaupart and Mareschal, 2005; Taylor 
and McLennan, 1985; Vilà et al., 2010). High heat 
producing element (K, U and Th) rocks in the 
deep crust thermally prime the crust, making it 
more susceptible to later and/or long-timescale 
tectonic reworking (e.g. Fig. 12 in Chapter 3; 
Holder et al., 2018; Horton et al., 2016). Such 
rocks may also contribute to, or be a necessary 
prerequisite for, long-lived UHT events (e.g. 
Clark et al., 2011; Holder et al., 2018; Horton et 
al., 2016; Kelsey and Hand, 2015). 
The constant or increasing Th-in-monazite 
with metamorphic grade (Fig. 2) is consistent 
with terrane scale studies which demonstrate 
that partially melted rocks retain Th (Chapter 
2; Alessio et al., 2018; Andreoli et al., 2006; Bea, 
2012; Horton et al., 2016; Yakymchuk and Brown, 
2019). This Th retention corresponds to constant 
or increasing total radiogenic heat production 
across the amphibolite to granulite facies 
transition and well into the granulite facies. This 
change can be explained from a mineralogical 
point of view considering what is known about 
Th/U ratios in metamorphic monazite. Th/U 
ratios are commonly observed to increase with 
progressive metamorphism, driven by a decrease 
in U in residual rocks (see Bea and Montero, 
1999; Yakymchuk and Brown, 2019). This results 
in Th becoming increasingly important for heat 
production in the deep crust, and monazite 
stability having a major controlling infl uence on 
regional scale heat production. (e.g. Chapters 
2 and 3; Alessio et al., 2018; Foster et al., 2002; 
Franz et al., 1996; Rubatto et al., 2001; Schulz, 
2017; Williams, 2001; Yakymchuk and Brown, 
2019).
Heat producing element depletion, including of 
Th, in UHT rocks reported by Alessio et al. (2018) 
can be reconciled with the results presented 
here by considering monazite modal abundance 
trends above the solidus. Chapters 2 and 3 reveal 
that monazite mode increases over the interval ~ 
700 to ~ 900C, supported by available data in the 
literature (Foster et al., 2002; Franz et al., 1996; 
Kim et al., 2009; Rubatto et al., 2001; Schulz, 2017; 
Williams, 2001), then decreases by two orders 
of magnitude at higher temperatures. However, 
quantitative monazite modal abundance data 
is rare and further study of monazite mode in 
prograde metamorphic terranes, particularly 
in the granulite facies and UHT terranes would 
greatly assist in clarifying the relationship 
between monazite mode, composition, absolute 
P–T and P–T trajectory.
4.5.4 Development of phase equilibria models
A detailed understanding of the concentration 
of Th-in-monazite as a function of P–T–X is 
essential to more fully understand monazite solid 
solution behaviour. This has fl ow-on implications 
for avenues of research such as forward 
thermodynamic modelling of accessory mineral 
behaviour. In existing thermodynamic modelling 
frameworks incorporating monazite, Th is not 
yet featured. So far, Th is only incorporated in 
one study (Yakymchuk et al., 2018), external to 
the phase equilibria calculations via a solubility 
expression. The dataset herein (see also chapters 
2 and 3) provides the global, P–T linked monazite 
chemical data needed to calibrate and test phase 
equilibrium models of monazite which include 
Th. In such models, replication of the trends 
in the fractions of both the Th endmembers, 
cheralite and huttonite, as well as the bulk Th-in-
monazite trends presented here is critical. Thus, 
the understanding of the relative contributions 
of cheralite and huttonite discussed above is vital 
for the reliable calibration of such models. From 
the dataset, changes to Th4+, p(cher) and p(hutt) 
have a temperature dependence, but only limited 
pressure dependence (Fig. 2). This is a key feature 
that must be replicated by future thermodynamic 
models. Similarly, the maxima ‘saddle’ that 
occurs particularly in p(cher) at amphibolite-
facies temperatures should be replicated by such 
models. 
77
Chapter 4 Thorium substitution in monazite
New thermodynamic models for monazite in 
a chemical system including REEs, Y and Th 
would provide benefi t over existing models and 
thermometry calculations in several ways: (1) 
they would allow assessment of the pressures 
and temperatures of monazite in garnet and/or 
xenotime absent rocks; (2) they would remove 
the ambiguity and subjectivity of identifying 
monazite–xenotime or monazite–garnet pairs 
which formed in equilibrium; and (3) they 
would enable better evaluation of solid solution 
behaviour in monazite, both in subsolidus and 
suprasolidus rocks. A more realistic chemical 
system would improve the utility of existing 
models and encourage their application in 
metamorphic studies of natural samples. Such 
models are presented in the following chapter 
(Chapter 5). 
Although the focus of this discussion has been on 
Th-in-monazite, the dataset presented here could 
also be used to explore the partitioning of other 
elements, such as U, into monazite. The dataset 
collated here is provided in electronic Appendix 
S4.2 so that other compositional variables in 
monazite can be explored by the same ‘big data’ 
approach used in this study and new data can be 
added as it becomes available.
5 CONCLUSIONS
Th-in-monazite shows a clear increasing trend 
with temperature to an average maximum of 
0.062 Th4+ cations per formula unit, based on a 
dataset of over 5000 monazite compositional 
analyses. By including monazite data from a 
wide range of ages, rock chemistries and P–T 
conditions we are able to view and identity global 
patterns that occur despite noise inherent in the 
natural dataset. This increase of Th-in-monazite 
is facilitated by the changing ratio of the two Th-
bearing endmembers of monazite, cheralite and 
huttonite. The global dataset provides support 
for the observations reported in recent studies of 
Th-in-monazite in three prograde metamorphic 
terranes (Mt Staff ord, the Ivrea–Verbano Zone 
and the Ryoke Belt), indicating that these 
trends do not just occur in isolated cases. 
The dataset also provides a framework and a 
‘baseline’ for understanding the (often complex) 
compositional zoning in natural monazite. In this 
way we open new avenues for understanding the 
heat production potential of lower crustal rocks, 
specifi cally the impact that metamorphism, 
partial melting and melt removal has on monazite 
and therefore the heat production budget of 
the crust. By establishing a clear framework for 
temperature driven changes to Th-in-monazite, 
we pave the way for future integration of Th-in-
monazite into  thermodynamic models.
SUPPORTING INFORMATION
Appendix S4.1: Summary of literature included in 
monazite database
Appendix S4.2: monazite database (electronic 
appendix only)
Appendix S4.3: Alternative dataset visualisations
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APPENDIX S4.1: SUMMARY OF 
LITERATURE INCLUDED IN 
MONAZITE DATABASE
Monazite data within the dataset have been 
obtained from the following data sources. Any 
whole rock chemistry, mineral proportions and 
P–T conditions were obtained from the original 
source unless otherwise specifi ed. # denotes the 
source number, defi ned in alphabetical order; 
Number of monazite analyses (no. mnz analyses) 
presented as XX/YY, where XX is the number of ‘ok’ 
analyses and YY is the total number of analyses. 
Analyses are judged to be ‘poor’ if (Th + U) – (Ca 
+ Si) <–0.05 or |(P+Si+S) – (REE+Y+Th+U+Ca)| 
> 0.15; ^ indicates that this information is only 
included for some analyses. 
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Chapter 5 Modelling of Th-in-monazite
Phase  equilibria modelling of monazite in a 
Th-bearing system
ABSTRACT 
Integrating monazite into existing Pressure–Temperature frameworks is an essential step towards 
fully realising the signifi cant potential of this mineral in petrochronology. To further this endeavour, 
we present a predictive and readily adaptable equilibrium thermodynamic calculation framework 
involving solid solution for monazite and other accessory phases. This framework comprises over 90 
wt% oxide of the elemental components of these minerals (Y, La, Ce, Nd, Th, P, Si, Ca) and includes 
all of the major endmember substitutions. We investigate the response of monazite and other 
accessory phases to closed and open system melting processes and changes to the major and trace 
element composition of the whole rock. We fi nd that the incorporation of additional elements into 
monazite (La, Nd, Th, Ca, P and Si) displaces both the lower and upper bounds of monazite stability to 
higher temperatures relative to previous estimates. Exploration of bulk composition changes reveals 
that both Al and Ca aff ect the size and shape of the accessory mineral stability fi elds, in line with 
previous studies. Decreases to bulk P have a limited eff ect on monazite stability and composition, 
but signifi cantly decrease the temperature of the terminal stability boundary of apatite. We also show 
that increases to bulk LREE increase the mode and stability of monazite and decrease the proportion 
of the Th endmembers, cheralite and huttonite, in monazite. Changes to bulk Th have limited eff ect 
on the mode or stability fi eld of monazite due to the generally low fraction of Th-endmembers in 
monazite, but do signifi cantly change the total amount of Th-in-monazite. Apatite plays a key role 
in the stability of monazite above the solidus by saturating the rock in P. Therefore, compositions 
that are conducive to the stability of apatite at the expense of other Ca-bearing phases support 
correspondingly greater stability of monazite above the solidus. Our modelling shows that monazite 
can be stable to much higher temperatures than previously modelled, to >1100 oC in both open and 
closed systems, consistent with the natural rock record. Our models replicate the compositions and 
compositional trends from a natural dataset of over 5000 Pressure–Temperature-linked monazite 
analyses and present the fi rst predictions of monazite growth above the solidus. We also present 
models for specifi c natural rock and monazite compositions which show considerable promise for 
the application of this framework to natural examples. The provision of this readily adaptable phase 
equilibria calculation framework adds an important new tool to the petrochronology toolbox.
1 INTRODUCTION
The rare earth element (REE) phosphate 
mineral monazite has substantial current and 
emerging utility in petrochronology. It is now 
routinely used in geochronological studies of 
high temperature tectonic processes and isotopic 
analysis shows that it can survive long periods 
of elevated temperatures (e.g. Rapp & Watson, 
1986). Monazite is commonly zoned with respect 
to REEs, Th, U, Y, Si, Ca, P and ages (c.f. Engi, 2017; 
 Williams, Jercinovic, & Hetherington, 2007). 
However, the relationship between the chemical 
zones and isotopic zones used for geochronology 
remains somewhat unclear, with some authors 
questioning whether the two systems could ever 
be fully integrated (e.g. Taylor, Kirkland, & Clark, 
2016). 
Monazite demonstrates a complex array of 
chemical and isotopic zoning textures which 
can be challenging to link to P–T conditions of 
growth or dissolution. Detailed monazite mineral 
chemistry is not routinely collected, for example 
by EPMA, by studies utilising monazite. This is 
in part because of our inability to link absolute 
mineral chemistry to specifi c locations along 
a P-T evolution path and further hampered by 
the need for diff erent instrumentations to that 
for age analysis and long analysis times. For 
these reasons, Th + U + Pb chemical or isotopic 
information is typically collected from monazite 
but not much else. The recent improvements in the 
capacity and availability of LA–ICP–MS systems 
(including the advent of split stream LA+MC–
ICP–MS) for the collection of accurate, detailed 
and low cost analysis of monazite chemistry, 
simultaneous with isotope geochronology, opens 
new avenues for petrology research with this 
utilitarian mineral. An important additional 
innovation required to expand monazite utility 
is a readily adaptable and predictive calculation 
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framework that can systematically link monazite 
chemistry to whole rock chemistry, mineralogy 
and Pressure–Temperature (P–T) conditions of 
formation. 
Existing frameworks for calculating the stability 
and composition of monazite include Spear 
and Pyle (2010), Spear (2010) and Janots et 
al. (2007). These seminal studies were vitally 
important but were limited in their application 
by the restricted compositional space of the 
chemical systems. In addition, other existing 
eff orts of modelling monazite abundance and 
composition show that, within the constraints 
of the modelling, prograde monazite growth in 
suprasolidus rocks is not possible (Kelsey, Clark, 
& Hand, 2008; Spear, 2010; Spear & Pyle, 2010; 
Yakymchuk, 2017; Yakymchuk & Brown, 2014a; 
Yakymchuk, Kirkland, & Clark, 2018). Instead, 
these studies suggest that in suprasolidus rocks 
monazite ages (and compositions) record cooling 
and crystallisation from melt (c.f. Yakymchuk & 
Brown, 2014a). This fi nding confl icts with several 
studies which persuasively show that monazite 
records prograde compositions and ages 
associated with heating and partial melting (e.g. 
Chapters 2 and 3; Foster et al., 2002; Rubatto, 
Williams, & Buick, 2001; Schulz, 2017; Skrzypek 
et al., 2018; Williams, 2001). Granulite facies 
terranes are commonly interpreted to have lost 
melt as a requirement to preserve their peak 
mineral assemblages (e.g. Brown, 2007; Palya, 
Buick, & Bebout, 2011; Powell & Downes, 1990; 
Redler, White, & Johnson, 2013; White & Powell, 
2002). However, as yet, Yakymchuk (2017) is the 
only study to explore the response of monazite to 
open system melting but was not conducted with 
an equilibrium thermodynamic approach.
To this end, we aim to (1) create a thermodynamic 
calculation framework (‘thermodynamic 
model’) which explicitly incorporates the major 
elemental components of monazite (Ce, La, 
Nd, Th, Y, Ca, Si, P) and produces outputs for 
monazite composition that are consistent with 
available natural data (Chapter 4); (2) explore the 
composition and modal abundance of monazite 
in open and closed partial melt systems; (3) 
understand the key whole rock geochemical 
controls on monazite chemistry and stability in 
P–T space; and (4) apply the framework to natural 
rock compositions to model natural monazite 
compositions. These thermodynamic models are 
not intended to be defi nitive, however we are 
confi dent that the results presented below are 
consistent with the global trends in monazite 
composition (Chapter 4) so the thermodynamic 
models have some essential validity and therefore 
show considerable promise.
2 METHODS
2.1 Thermodynamic model development
The approach to developing the thermodynamic 
models follows the seminal work of Spear & 
Pyle (2010) and Spear (2010) for the calculated 
equilibrium thermodynamic stability of REE 
phases. In those studies, the thermodynamic 
properties for all but enthalpy for the accessory 
phases were taken from or calculated by 
summing published data (Robie et al. 1978; Robie 
& Hemingway 1995), and we follow the same 
approach here. That being the case, the enthalpy 
of formation for accessory phase end-members 
was calculated by a least squares procedure 
that entails using the combination of coexisting 
major and accessory phase compositions with 
the (known) thermodynamic properties of major 
phase end-members and the known enthalpy of 
formation for at least some trace element (TE)-
bearing end-members. For our purposes, the 
enthalpies of formation that were assumed to be 
reliable were for monazite (see below) and this 
enabled least squares calculation of enthalpies 
for all remaining accessory phase end-members. 
In this way, the enthalpies of formation for 
all TE-bearing end-members are correlated to 
each other, ensuring the results are internally 
consistent. The list of all phase end-members and 
the corresponding thermodynamic data either 
developed in this study and/or used for phase 
equilibria calculations are presented in Table 
1. In Table 1 the heat capacity terms are for the 
expression Cp = a + b/(T 0.5) + c/T 2 + d/T 3+f*T + 
g*T 2. Data for the major phases are those of Spear 
& Pyle (2010), excepting YAG, NdAG and silicate 
melt. Silicate melt end-members are here defi ned 
to have 8 oxygens, except for h2oL as per Holland 
& Powell, (2011). This contrasts with Spear & 
Pyle (2010) that only had major component 
end-members of silicate melt defi ned this way. 
In the spirit of the way H2O-in-melt is handled 
as h2oL by Holland & Powell (2011), we handle 
it identically here and also treat F analogously as 
CaF2L. Activity models for all phases except Th-
in-monazite are defi ned the same as outlined in 
Spear & Pyle (2010). For the two Th end-members 
of monazite, huttonite and cheralite, the activities 
are defi ned on the basis of the fraction of Si, and 
97











































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Chapter 5 Modelling of Th-in-monazite
the fractions of Th and Ca, respectively. Apatite 
TE end-members were defi ned to contain OH 
rather than F so that preliminary calculations 
could be done in F-absent chemical systems. The 
Y, La and Nd end-members of allanite are defi ned 
analogously to Ce-allanite in Spear (2010) and 
ThEp is defi ned as specifi ed in Table 1.
Thermodynamic data for the major element 
components of melt are those of Holland and 
Powell (2011) except enthalpy, which were re-
derived via a least squares approach for a known 
melt-bearing composition at a fi xed pressure 
and temperature in order to preserve internal 
consistency with other phases in the SPaC 
dataset, which is based largely on Berman (1988). 
All thermodynamic data for FAp and OHAp are 
taken directly from Robie, Hemingway, and Fisher 
(1978) and Robie and Hemingway (1995). Data for 
S, V and Cp terms for monazite, xenotime, apatite, 
allanite and TE-end-members of silicate melt 
and garnet were mostly derived via oxide sums 
using the data of Robie et al. (1978) and Robie 
and Hemingway (1995). However, to maintain 
consistency with the haplogranitic melt model 
of Holland and Powell (2011) all our silicate melt 
model end-members have Cp terms of zero, and 
for lack of data the volume terms for melt TE end-
members are assumed to be the same as for kspL. 
Enthalpies of formation for monazite Y, Ce, La 
and Nd end-members were taken directly from 
Ushakov, Helean, Navrotsky, and Boatner (2001) 
and were assumed to be reliable for the purpose 
of calculating H for other phase TE end-members. 
Enthalpies for huttonite (Mazeina, Ushakov, 
Navrotsky, & Boatner, 2005) and cheralite (Popa 
et al., 2008) were adjusted slightly (by –10,000 J 
and +20,000 J, respectively) from the published 
values to enable the natural trend in Th-in-
monazite chemistry documented in Chapters 2, 
3 and 4 to be replicated. The enthalpy of YPO4_
xenotime was calculated via least squares using 
the compositions of CePO4–YPO4 monazite and 
YPO4 xenotime at 2 kbar , 500 °C and 5 kbar, 640 
°C as per the experimentally defi ned miscibility 
gap in Gratz and Heinrich (1997). 
Enthalpies of formation for apatite, melt 
and garnet TE end-members were calculated 
using a least squares approach for a reference 
assemblage shown in Table 2 that is from the 
Ivrea–Verbano Zone, Italy, for P–T conditions 
of 9 kbar and 840 °C (Chapter 4, appendix S5.2). 
The Y and Nd concentrations in garnet in Table 
2 are the average of kinzigite compositions 
presented in Bea and Montero (1999). Apatite F 
content was assumed to be ~0.92 (Table 2; Spear 
& Pyle, 2002) in this reference assemblage. For 
this reference assemblage the TE compositions 
of melt were calculated using the solubility 
equations of Harrison and Watson (1984) for the 
P2O5 contribution from apatite dissolution and 
Stepanov, Hermann, Rubatto, and Rapp (2012) 
for the Y, La, Ce, Nd, Th and P contributions from 
monazite dissolution. 
It is acknowledged that the partitioning behaviour 
of F into haplogranitic melts for an aluminous 
metasediment system via apatite dissolution is 
not well constrained. Therefore, in the absence 
of strong information to the contrary (see for 
example Webster, Goldoff , Flesch, Nadeau, 
& Silbert, 2017), the partitioning of F (and all 
other elements in apatite) into melt followed 
Phase Component Formula Mole Fr  
Quartz abQz SiO2 1
Sillimanite Sil Al2SiO5 1
Plagioclase Ab NaAlSi3O8 0.711416
An CaAl2Si2O8 0.288584






Biotite Phlogopi KMg3AlSi3 (OH) 2 0.529293
Eastonit KMg2Al3Si2 (OH) 2 0.09083
Annite KFe3AlSi3(OH) 2 0.122671
Sideroph KFe2Al3Si2(OH) 2 0.256505
MnBiotit KMn3AlSi3(OH)2 0.000701
Apatite OHAp Ca5(PO4)3(OH) 0.07451
FAp Ca5(PO4)3 (F) 0.922348 
YOHAp Ca4Y(PO4)2(SiO4)(OH) 0.0005 
LaOHAp Ca4La(PO4)2(SiO4) (OH) 0.000196 
CeOHAp Ca4Ce(PO4)2(SiO4) (OH) 0.000903 
NdOHAp Ca4Nd(PO4)2(SiO4) (OH) 0.00149 
ThOHAp Ca4Th(PO4)(SiO4)2(OH) 0.000053 






Melt h2oL H2O 0.482847
qL4 Si4O8 0.119787
abL NaAlSi3O8 0.184521












T= 840 C; P= 9 kbar  
Table 2. Reference assemblage and P T conditions for 
least squares calculation of H for apatite, melt, garnet TE
endmembers.
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Phase Component Formula FrMole 
Quartz abQz SiO2 1
Water H2O H2O 1 
Plagioclase Ab NaAlSi3O8 0.617420
An CaAl2Si2O8 0.382580






Biotite Phlogopi KMg3AlSi3 (OH) 2 0.402322
Eastonit KMg2Al3Si2 (OH) 2 0.128532
Annite KFe3AlSi3(OH) 2 0.275473
Sideroph KFe2Al3Si2(OH) 2 0.191521
MnBiotit KMn3AlSi3(OH)2 0.002152
Muscovite Ms KAl3Si3O11(OH)2 0.769259
Pa NaAl3Si3O11(OH)2 0.230741
Staurolite MgSt Mg4Al18Si7.5O44(OH)4 0.197496 
FeSt Fe4Al18Si7.5O44(OH)4 0.796386 
MnSt Mn4Al18Si7.5O44(OH)4 0.006118 
Apatite OHAp Ca5(PO4)3(OH) 0.009504
FAp Ca5(PO4)3 (F) 0.95557 
YOHAp Ca4Y(PO4)2(SiO4)(OH) 0.022408 
LaOHAp Ca4La(PO4)2(SiO4) (OH) 0.002284 
CeOHAp Ca4Ce(PO4)2(SiO4) (OH) 0.006987 
NdOHAp Ca4Nd(PO4)2(SiO4) (OH) 0.003053 
ThOHAp Ca4Th(PO4)(SiO4)2(OH) 0.000195 






Xenotime YPO4 YPO4 1
Allanite YEp CaYFeAl2Si3O12(OH) 0.024734 
LaAln CaLaFeAl2Si3O12 (OH) 0.099764 
CeAln CaCeFeAl2Si3O12 (OH) 0.202059 
NdAln CaNdFeAl2Si3O12 (OH) 0.081757 
ThEp Ca1.5Th0.5FeAl2Si3O12 (OH) 0.03 
Czo Ca2Al3Si3O12 (OH) 0.561686 
T= 640 C; P= 7.5 kbar  
Table 3. Reference assemblage and P T conditions for least 
squares calculation of H for allanite.
the simplest scenario, that of contributing at an 
equal ‘rate’ to P2O5. In other words, there is no 
built in preference for P2O5 dissolving into melt 
over F or vice versa. 
Enthalpies of formation for all allanite end-
members were calculated by least squares after 
all of the above was done so as to assume that 
the thermodynamics of monazite and apatite 
TE end-members were reliable. This used the 
reference assemblage in Table 3 that is based on 
the study of Goswami-Banerjee and Robyr (2015) 
at P–T conditions of 7.5 kbar and 640 °C. 
It should be emphasized that the values of the 
enthalpies of formation were calculated to 
reproduce the two reference assemblages, and are 
only accurate to the extent that each represents an 
equilibrated assemblage. It should also be noted 
that the method of diff erential thermodynamics 
(i.e. the Gibbs method; Spear, 1993) makes use 
of identical reference assemblages, but does 
not formalize the calculation of individual 
enthalpies. Extracting individual enthalpies 
makes extrapolation of the results far simpler. 
2.2 Phase equilibria modelling
In this study, calculations were performed 
using GIBBS v. 3(windows) (Spear, 2014; Spear 
& Menard, 1989) in the MnO–NaO–CaO–K2O–
FeO–MgO–Al2O3–SiO2–H2O–P2O5– Y2O3– La2O3–
Ce2O3–Nd2O3–ThO2–F chemical system, in order 
to investigate aluminous metasediments with 
phosphate phases in Pressure–Temperature–Rock 
Composition (P–T–X) space. This is an expansion 
on the MnNCKFMASH system to include the 
elements P, Y, La, Ce, Nd, Th and F. The phases 
included in the calculations were as follows: 
quartz, H2O, kyanite, sillimanite, andalusite, 
plagioclase, K-feldspar, garnet, muscovite, 
biotite, staurolite, cordierite, apatite, monazite, 
xenotime, allanite and silicate melt.
Two published bulk compositions were modelled 
in both open and closed system scenarios to 
provide direct comparison to previous modelling 
studies exploring monazite stability (Table 4; 
Spear, 2010; Spear & Pyle, 2010). Preliminary 
exploration of two additional published bulk 
compositions produced similar equilibrium 
assemblage diagrams (EADs, Appendix S5.1; 
Kelsey et al., 2008; Yakymchuk et al., 2018) but 
did not provide the breadth of monazite and 
apatite stability that the Spear and Pyle (2010) 
and Spear (2010) compositions did and so were 
not considered further. EAD calculations for the 
two compositions in Table 4 allow the appraisal 
of the variability of the response of the accessory 
minerals to changes in thermodynamic model 
parameters (i.e. closed vs open systems and bulk 
rock composition).
Trace elements were added to these major element 
compositions to approximate the average pelite 
composition of Taylor and McLennan (1985). This 
was achieved by adding monazite, xenotime and 
trace element-free fl uorapatite to the whole rock 
in such proportions that P, Ce, La, Nd, Y and Th 
approximated the Taylor and McLennan (1985) 
values. The stoichiometric monazite composition 
used was the average of over 5000 published 
analyses (Chapter 4) in a proportion of 0.00008. 
Stoichiometric fl ourapatite and xenotime were 
used in proportions of 0.00345 and 0.000017, 
respectively. 
Open system processes were simulated by 
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pp
Comp. C1 original C1 P0 30 C1 P0 10 C1 P0 05 C1 2Ca C1 0 5Ca C1 1 5Al C1 0 75Al C1 2REE C10 5REE C1 2Th C1 0 5Th 
Reference [1]            
 Fig  2a, 3a Fig 6a,c Fig 6a,c Fig 6a,c Fig  7a,c Fig  7a,c Fig 8a,c Fig  8a,c Fig  9a,c Fig  9a,c Fig  10a,c Fig  10a,c 
line colour purple* blue red pink blue red blue red blue red blue red 
Major elements (wt%) 
SiO2 56 05 56 65 56 71 56 54 55 64 59 32 50 95 56 24 56 23 56 24 56 24 56 05 
Al2O3 20 65 20 87 20 89 20 83 20 50 16 39 28 15 20 72 20 72 20 72 20 72 20 65 
MgO 3 09 3 12 3 13 3 12 3 07 3 27 2 81 3 10 3 10 3 10 3 10 3 09 
FeO 10 15 10 26 10 27 10 24 10 07 10 74 9 23 10 18 10 18 10 18 10 18 10 15 
MnO 0 41 0 41 0 41 0 41 0 41 0 43 0 37 0 41 0 41 0 41 0 41 0 41 
CaO  1 46 0 62 0 56 0 74 2 33 1 34 1 17 1 28 1 28 1 28 1 28 1 46 
Na2O 0 68 0 68 0 69 0 68 0 67 0 72 0 62 0 68 0 68 0 68 0 68 0 68 
K2O 5 85 5 91 5 92 5 90 5 81 6 19 5 32 5 87 5 87 5 87 5 87 5 85 
H2O 1 33 1 34 1 34 1 34 1 32 1 40 1 21 1 33 1 33 1 33 1 33 1 33 
F 0 026 0 008 0 004 0 013 0 013 0 014 0 013 0 013 0 013 0 013 0 013 0 026 
P2O5 0 30 0 10 0 05 0 16 0 16 0 16 0 15 0 16 0 16 0 16 0 16 0 30 
Trace elements (wt %) 
Y2O3 0 0034 0 0033 0 0033 0 0033 0 0033 0 0034 0 0034 0 0032 0 0034 0 0033 0 0034 0 0034 
La2O3 0 0043 0 0043 0 0043 0 0043 0 0043 0 0043 0 0044 0 0042 0 0022 0 0086 0 0043 0 0043 
Ce2O3 0 0088 0 0088 0 0088 0 0088 0 0088 0 0088 0 009 0 0085 0 0044 0 0176 0 0088 0 0088 
Nd2O3 0 0035 0 0035 0 0035 0 0035 0 0035 0 0035 0 0036 0 0034 0 0017 0 007 0 0035 0 0035 
ThO2 0 0017 0 0017 0 0017 0 0017 0 0017 0 0017 0 0017 0 0016 0 0017 0 0017 0 0008 0 0034 
Trace elements (ppm) 
Y 26 26 26 26 26 27 27 25 27 26 27 27 
La 37 37 37 37 37 37 38 36 19 73 37 37 
Ce 75 75 75 75 75 75 77 73 38 150 75 75 
Nd 30 30 30 30 30 30 31 29 15 60 30 30 
Th 15 15 15 15 15 15 15 14 15 15 7 30 
Reference: [1] C1 = Spear & Pyle (2010) * Fig  6-10 only  Comp, composition  
Table 4. Bulk compositions used in calculation of phase equilibrium models.
pp
Comp. C2 original C2 P0 30 C2 P0 10 C2 P0 05 C2 2Ca C2 0 5Ca C2 1 5Al C2 0 75Al C2 2REE C20 5REE C2 2Th C2 0 5Th 
Reference [2]            
 Fig  2b, 3b Fig 6b,d Fig 6b,d Fig 6b,d Fig 7b,d Fig 7b,d Fig 8b,d Fig 8b,d Fig 9b,d Fig 9b,d Fig 10b,d Fig 10b,d 
line colour purple* blue red pink blue red blue red blue red blue red 
Major elements (wt%) 
SiO2 63 73 64 05 64 12 62 49 64 71 58 73 66 93 63 96 63 94 63 95 63 95 63 73 
Al2O3 17 67 17 76 17 78 17 33 17 94 24 42 13 92 17 73 17 73 17 73 17 73 17 67 
MgO 2 79 2 81 2 81 2 74 2 84 2 58 2 93 2 80 2 80 2 80 2 80 2 79 
FeO 6 27 6 30 6 31 6 15 6 37 5 78 6 58 6 29 6 29 6 29 6 29 6 27 
MnO 0 08 0 08 0 08 0 07 0 08 0 07 0 08 0 08 0 08 0 08 0 08 0 08 
CaO  2 70 2 44 2 39 4 74 1 38 2 33 2 63 2 52 2 52 2 52 2 52 2 70 
Na2O 1 85 1 85 1 86 1 81 1 87 1 70 1 94 1 85 1 85 1 85 1 85 1 85 
K2O 3 76 3 78 3 79 3 69 3 82 3 47 3 95 3 78 3 78 3 78 3 78 3 76 
H2O 0 80 0 80 0 80 0 78 0 81 0 74 0 84 0 80 0 80 0 80 0 80 0 80 
F 0 026 0 008 0 004 0 014 0 014 0 013 0 014 0 014 0 014 0 014 0 014 0 026 
P2O5 0 31 0 10 0 05 0 16 0 16 0 16 0 17 0 16 0 16 0 16 0 16 0 31 
Trace elements (wt %) 
Y2O3 0 0034 0 0034 0 0034 0 0034 0 0034 0 0034 0 0033 0 0035 0 0034 0 0034 0 0034 0 0034 
La2O3 0 0044 0 0044 0 0044 0 0044 0 0044 0 0044 0 0042 0 0044 0 0022 0 0087 0 0044 0 0044 
Ce2O3 0 0089 0 0089 0 0089 0 0089 0 0089 0 0089 0 0086 0 0091 0 0045 0 0178 0 0089 0 0089 
Nd2O3 0 0035 0 0035 0 0035 0 0035 0 0036 0 0035 0 0034 0 0036 0 0018 0 0071 0 0035 0 0035 
ThO2 0 0017 0 0017 0 0017 0 0017 0 0017 0 0017 0 0017 0 0017 0 0017 0 0017 0 0009 0 0034 
Trace elements (ppm) 
Y 27 27 27 27 27 26 28 27 27 27 27 27 
La 38 38 38 38 38 36 38 19 74 38 38 38 
Ce 76 76 76 76 76 73 78 38 152 76 76 76 
Nd 30 30 30 31 30 29 31 15 61 30 30 30 
Th 15 15 15 15 15 15 15 15 15 8 30 15 
Reference: [2] C2 = Spear (2010)  * Fig  6-10 only  Comp, composition  
Table 4(cont). Bulk compositions used in calculation of phase equilibrium models.
using the automated melt extraction function 
available in GIBBS. This function calculates at 
each temperature step (2C) along an isobaric 
section for each pressure step (herein 0.05 
kbar), extracting melt when a specifi ed threshold 
is reached. The user specifi es both the upper 
melt volume % threshold which triggers melt 
extraction and also a lower melt volume % bound 
which dictates the amount of melt remaining in 
the rock after melt extraction. The upper and 
lower bounds used for all thermodynamic models 
in this study are 7 vol% and 1 vol%, respectively 
(see Yakymchuk & Brown, 2014b for discussion). 
The bulk compositions were all run with excess 
H2O at the initial, low-T conditions (around 10% 
by weight). Along each isobaric path, the porosity 
was kept constant at a low value (0.1-1%) so that 
any evolved water would be removed from the 
system thus ensuring that there was little free 
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unexpected and notable because in this scenario, 
monazite abundance is predicted to remain 
eff ectively constant along isobaric heating paths 
and may even increase during prograde to peak 
metamorphism along low pressure isobaric paths 
or clockwise P–T paths.
Thorium compositional and endmember fraction 
contours for the closed system scenarios are 
shown in Fig. 4 and for the open system in Fig. 
5. For both bulk compositions in the closed 
system scenario, Th-in-monazite contours are 
subvertical. Total Th-in-monazite fraction is 
at a minimum at the fi rst (low temperature) 
appearance of monazite and is at a maximum at 
the terminal stability of apatite. This maximum 
in Th-in-monazite is largely a consequence of 
the cheralite fraction of monazite (Fig. 4). The 
maximum Th-in-monazite fraction is higher in C2 
relative to C1 (0.16 and 0.13 APFU respectively), 
coincident with apatite being stable to higher 
temperatures in C2. The huttonite fraction 
of monazite increases rapidly from the fi rst 
appearance of monazite to the terminal stability 
of allanite (temperature window ~10 C wide). 
Huttonite fraction then decreases gradually with 
temperature for both compositions (Fig. 4). 
In the open system scenario, Th-in-monazite 
contours are again sub vertical, but have a 
sawtooth shape due to the isobaric melt extraction 
calculation process (Fig. 5). High Th monazite is 
predicted at high P–T, near the terminal stability 
of monazite. Again, this high Th monazite is a 
consequence of cheralite fraction rather than 
huttonite fraction. The maximum concentrations 
of Th-in-monazite are higher in the open systems 
(Fig. 5) relative to the closed systems (Fig. 4). 
This is likely due to the greater stability of apatite 
in the open systems. Th-in-monazite contours 
Figure 4. Monazite compositional contours for closed system EADs. (a) shows total mole fraction of Th in monazite 
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in the temperature range 720–845 C (Kelsey 
et al., 2008; Yakymchuk, 2017; Yakymchuk & 
Brown, 2014a; Yakymchuk et al., 2018) and 
840 to >950 C for open system scenarios 
(Yakymchuk, 2017; Yakymchuk et al., 2018) based 
on the experimental solubility equations of Rapp, 
Ryerson, and Miller (1987) and Stepanov et al. 
(2012). Calculations from Yakymchuk (2017) and 
Yakymchuk et al. (2018) suggest that addition 
of Th to the modelling system increases the 
terminal stability of monazite by approximately 
50 C. The stability of monazite in closed systems 
has been extended again in our modelling, with 
the minimum temperature of the monazite-out 
line at ~850 C at 12 kbar and increasing to at 
least 1100C at 1 kbar (Fig. 2), and is even higher 
in the open system (up to 1100C at 12 kbar for 
C2). This is most likely due to the extra elements 
included into our monazite model, particularly 
Th and Y, as well as the dynamic D values for 
element partitioning between monazite, melt 
and apatite with changing P–T. The monazite-out 
line was previously calculated to show a range 
of positive to vertical slopes (i.e. monazite is at 
least as stable at high pressures as low pressures; 
Kelsey et al., 2008; Yakymchuk & Brown, 2014a; 
Yakymchuk et al., 2018). Our EADs present the 
opposite slope (i.e. negative) of the monazite-
out line (Figs 2–5) so that monazite solubility 
is more favoured at higher pressures for a given 
temperature. 
There are important diff erences between the 
two original compositions modelled: (1) allanite 
to monazite transition has a steeper slope in C1 
than C2; (2) the stability of both monazite and 
apatite extend to higher temperature in C2; and 
(3) xenotime stability extends to higher pressure 
in C2. Overall, C2 is more conducive to the 
expanded stability of phosphates, despite having 
the same amount of P, REE and Th as C1.
The slopes of monazite mode contours are 
distinctly diff erent for closed and open systems. 
Monazite modal and compositional contours in 
closed systems are quasi-vertical, as monazite 
progressively dissolves into (progressively larger 
volumes of) melt. For the open system scenarios, 
monazite mode contours are approximately 
horizontal above the solidus. As such, monazite 
in these systems is not dissolved with progressive 
temperature increases, but may be consumed 
on a prograde path involving pressure increase. 
Monazite can be stable to very high temperatures 
in open systems, particularly at higher geothermal 
gradients.
Once biotite has left the assemblage the 
orientation of mode contours of major phases, 
namely garnet, K-feldspar, liquid/melt and 
plagioclase, becomes more horizontal. Therefore, 
monazite and apatite dissolution are still 
responding largely to the behaviour of melt, 
but there is a more complex interplay overall 
that involves other major phases as well. The 
fi nding that monazite and apatite modes are, at 
elevated pressures, nearly invariant of pressure 
is supported by studies that report little change 
to or increasing monazite mode with increasing 
temperature, at least up to a temperature around 
800 C or so, in melt-extracted migmatites (e.g. 
Chapters 2 and 3; Foster et al., 2002; Rubatto 
et al., 2001; Schulz, 2017; Williams, 2001). The 
decrease in monazite mode with increasing 
pressure can be understood by reference back 
to the closed system scenario. There, monazite 
mode at higher pressure isn’t necessarily a 
function of greater solubility (c.f. Montel, 1986; 
Rapp et al., 1987; Rapp & Watson, 1986; Stepanov 
et al., 2012), but rather a function of the eff ect 
that allanite stability exerts on LREE and Th at 
earlier stages of heating above the solidus. This 
is an eff ect that carries over into the open system 
case to ultimately control monazite mode. 
Contrary to previous modelling studies, our 
EADs present possibilities for monazite retention 
(and perhaps even growth) above the solidus 
along a prograde path, depending on the shape of 
the P–T path (Fig. 3). This is particularly true of 
clockwise P–T paths and open systems. Previous 
models could not predict monazite growth with 
heating above the solidus due to the nature of the 
defi nition of those modelling frameworks (Kelsey 
et al., 2008; Yakymchuk, 2017; Yakymchuk & 
Brown, 2014a; Yakymchuk et al., 2018). Studies 
of natural samples show that monazite mode 
commonly progressively increases above the 
solidus (e.g. Chapters 2 and 3; Foster et al., 2002; 
Franz, Andrehs, & Rhede, 1996; Rubatto et al., 
2001; Schulz, 2017; Skrzypek et al., 2018; Williams, 
2001) and this is an important observation to 
keep in mind when comparing forward models to 
natural rocks. 
4.2 Th in monazite
There has been much speculation on the infl uence 
of Th on modifying the dissolution behaviour of 
monazite (e.g. Rapp et al., 1987; Rapp & Watson, 
1986; Skora & Blundy, 2010; Stepanov et al., 2012; 

108
Chapter 5 Modelling of Th-in-monazite
Yakymchuk, 2017; Yakymchuk & Brown, 2019; 
Yakymchuk et al., 2018). Until now, this has 
proven diffi  cult to quantify due to the absence 
of an adaptable, predictive thermodynamic 
framework such as that presented here.  The 
thermodynamic models presented herein are the 
fi rst explicitly incorporating Th as cheralite and 
huttonite into the calculated phase equilibria and 
thus provide the opportunity to understand the 
topology of the EADs and factors controlling the 
fractions of these components in monazite.
A trend of increasing total Th-in-monazite with 
temperature is predicted by Yakymchuk et al. 
(2018) in both open and closed systems. A similar 
trend in Th-in-monazite is observed in both C1 
and C2 closed system EADs at all pressures. Both 
our EADs and those of Yakymchuk et al. (2018) 
show a similar fl at-sloped Th-in-monazite trend 
with temperature in response to open system 
melting, except at high pressures (Fig. 6). The 
high pressure open system trends are similar to 
the increasing trends of the closed system EADs.
The concentration of Th-in-monazite at the 
solidus within the EADs presented in Fig. 2 is 
approximately 0.06 APFU (equivalent to ~6 
wt%). This is slightly higher than the equivalent 
value from Yakymchuk et al. (2018) of 5 wt%. 
The modelling of Yakymchuk et al. (2018) shows 
that around 20% of the whole rock Th may be 
accounted for by the major silicate minerals at the 
solidus. This fraction decreases with increases in 
temperature, largely through interaction with 
melt. Our thermodynamic models do not account 
for Th included in the major silicate minerals, but 
we use similar bulk rock concentrations of Th to 
those of Yakymchuk et al. (2018). This extra 20% 
Th available to monazite in our models is refl ected 
in the slightly higher composition of Th-in-
monazite at the solidus, which is still well within 
the 1SD range of Th-in-monazite compositions 
from our global dataset (Fig. 1; Chapter 4). 
Maximum Th-in-monazite predicted by our 
EADs in the closed system (0.13 and 0.16 Th4+ 
equivalent to 14 and 17 wt% ThO2 for C1 and C2, 
respectively) occur at suprasolidus conditions 
and are somewhat lower than those predicted by 
Yakymchuk et al. (2018) (>20 wt% ThO2). Notably, 
the maximum ThO2 values in the modelling 
by Yakymchuk et al. (2018) occur at the fi nal 
increment of dissolution of monazite into melt, 
whereas in our EADs the maximum ThO2 is at the 
apatite-out boundary as previously stated. 
For our EADs, the position of terminal apatite 
stability signifi cantly changes the absolute 
maximum Th concentration and cheralite 
fraction in monazite. The apatite-out boundary 
occurs at higher temperatures in C2 which 
increases the maximum Th-in-monazite in C2 
to greater than in C1 (see Fig. 4). Otherwise, the 
location of the same absolute fraction contours 
of Th-in-monazite and cheralite and huttonite 
fraction are very similar for C1 and C2. The C1 
and C2 compositions have distinct diff erences 
in the major element chemistry (Table 4) but 
very similar trace element chemistry (by design). 
This suggests that Th-in-monazite is not overly 
aff ected by changes to the major element 
chemistry and is discussed further below. 
Monazite rapidly changes composition from 
low Th (~0.03 Th4+) to moderate Th (~0.06 
Th4+) monazite over the fi rst ~10 C of monazite 
stability. In line with these fi ndings, natural 
monazite preserves highly variable Th contents at 
low temperatures (Fig. 1; Chapter 4). The common 
interpretation from the internal structure of 
natural monazite is that the fi rst generation 
of monazite is very LREE-rich and Th-poor, 
rapidly followed by more Th-rich and LREE-poor 
monazite (e.g. Chapters 2 and 3; Corrie & Kohn, 
2008; Gasser, Bruand, Rubatto, & Stüwe, 2012; 
Goswami-Banerjee & Robyr, 2015; Janots et al., 
2008; Kohn & Malloy, 2004; Skrzypek et al., 2018; 
Smith & Barreiro, 1990), which is supported by 
the EADs presented here. Natural data commonly 
shows even higher Th contents in some low 
temperature monazite (up to 0.25 APFU Th at 
550C, Fig. 1), but the EADs presented here are 
not consistent with such high Th monazite at low 
temperature. 
4.3 Bulk rock composition
Previous studies have explored the eff ect of 
changing whole rock composition on monazite 
stability (e.g. LREE, Kelsey et al., 2008; Al and Ca, 
Spear, 2010; P, Yakymchuk, 2017). To date, none 
have explored the role that Th plays. We explore 
the eff ect of each of these elements on monazite 
stability and total Th-in-monazite below. 
4.3.1 Bulk P2O5
Changes to whole rock P2O5 have negligible 
eff ect on the position of the allanite to monazite 
transition (Fig. 6a and b), with the exception of 
the diff erence between 0.16% and 0.10% P2O5 
in C1 (purple and red lines respectively; Fig. 
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6a). A decrease in whole rock P2O5 results in a 
modest decrease of monazite stability at high 
temperatures (>900 C) and low to moderate 
pressures (<8 kbar; Fig. 6). This change has the 
opposite eff ect at higher pressures (>8 kbar), 
although the magnitude of the change is smaller 
at high pressures (Fig. 6). The infl ection point 
between increased and decreased stability of 
monazite is the intersection of the monazite and 
apatite terminal stability contours. 
Th-in monazite is ~0.06 Th4+ for all scenarios in 
Fig. 6 (whole rock P2O5 changes, open and closed 
systems) below ~ 800C for all isobaric transects 
to highlight composition (4, 8 and 12 kbar; Fig. 6). 
At low pressures, the onset of monazite growth 
from allanite is marked by a rapid change from 
low (0.01 Th4+) to moderate (0.06 Th4+) Th 
concentrations in monazite (C1, Fig. 6, see above). 
Above ~800 C, the response of Th-in-monazite 
to the variations of the bulk composition and 
melting parameters is much more heterogeneous. 
This onset of diff erent responses closely 
coincides with the terminal stability boundary 
of plagioclase (Figs. 2 and 3). The range of P 
contents examined here is equivalent to that used 
in Yakymchuk (2017). More P expands monazite 
(and apatite) stability to higher temperature and 
reduces xenotime stability in our calculations.
4.3.2 Bulk CaO and Al2O3
Dependence of monazite stability on the bulk rock 
CaO content is apparent in Fig. 7 (see also Spear, 
2010). Decreasing bulk CaO expands the stability 
of monazite to higher pressure, particularly 
around the solidus, but reduces mnz stability at 
high temperature, at least in the closed system 
scenario. The allanite to monazite transition 
moves signifi cantly in each scenario, particularly 
at high pressure (Fig. 7). Increases to bulk CaO 
expand apatite stability to higher temperatures. 
This aff ects the shape and orientation of the 
monazite terminal stability boundary (e.g. Fig. 
7b). 
The high CaO bulk compositions in the open 
system scenarios present some interesting 
fi ndings regarding monazite terminal stability. 
The high CaO scenario in C1 produces a monazite 
out boundary at >12kbar, at higher pressure than 
either the original or low Ca open system scenarios 
for C1. This is the opposite to how C1 responds 
to high CaO in the closed system scenario (i.e. 
the stability of monazite is constrained to lower 
pressures in higher CaO compositions). This 
seems to be a product of the unique organisation 
of the allanite to monazite transition relative to 
the muscovite to peritectic K-feldspar reaction 
for this composition. The high CaO scenario 
for C2 is also unusual, with a highly convoluted 
monazite terminal stability boundary (Fig. 7f). 
For a heating path, this stability fi eld would 
produce discontinuous monazite growth. 
Changes in whole rock Al2O3 have similar, but 
opposite eff ects to whole rock CaO (Fig. 8). The 
exception to this is that the allanite to monazite 
transition is less aff ected by changes in Al2O3 
than CaO. The changes presented in Fig. 8 are 
consistent with the fi ndings of Spear (2010).
4.3.3 Bulk LREE and Th
Monazite stability changes in response to bulk 
LREE are explored in Fig. 9 and are consistent 
with the fi ndings of Kelsey et al. (2008) and 
Yakymchuk (2017). Higher LREE in the bulk 
composition expands the stability of monazite 
above the solidus. These changes in LREE make 
little diff erence to the location of the fi rst (low 
temperature) appearance of monazite, but do 
increase the temperature diff erence between of 
the monazite-in and allanite-out boundaries (Fig. 
9). The position of the apatite-out boundaries do 
not change with LREE and the eff ect on xenotime 
stability is limited.
By contrast, changes to bulk rock Th (Fig. 10) 
result in much less signifi cant change to the 
position of the monazite terminal stability 
boundary, limited change to the location of the 
allanite to monazite transition and xenotime 
stability fi eld, and no change to apatite terminal 
stability (Fig. 10). This result is somewhat 
surprising as the incorporation of Th and other 
elements into the model chemical system result 
in an overall increase in the temperature of: (a) 
the allanite to monazite transition compared 
to Spear (2010) and (b) the high-temperature 
terminal stability of monazite. However, both 
the sensitivity of monazite stability to changes 
in bulk LREE and the lack of change in response 
to bulk rock Th can be explained by monazite 
mode changes. Adding LREE to the bulk rock 
increases the mode of monazite as LREE are 
essential structural components of monazite. 
Conversely, changes to bulk Th have less eff ect 
because Th participates in solid solution, but the 
Th endmembers typically only constitute around 
5–10% of total monazite (p(REEmnz) + p(cher) + 
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the bulk composition only slightly increases the 
total mode of monazite but makes the monazite 
comparatively much more Th-rich (e.g. Fig. 10).  
Higher whole rock LREE also decreases the 
amount of Th contained in monazite, even though 
the total whole rock Th does not change in these 
scenarios (Fig. 9). This is because increases in 
LREE causes increases to monazite mode which 
dilutes Th-in-monazite. Highly enriched Th 
concentrations are predicted in the open system 
scenario for the low LREE C2 composition 
(mnzThO2 >30 wt% at 8kbar and >1050 C; Fig. 
9h). This super-enrichment of Th-in-monazite 
is consistent with low monazite mode owing to 
low bulk REE and in this case involves the loss 
of K-feldspar from the model system. This may 
represent a mechanism by which monazite can 
become highly enriched in Th (e.g. UHT monazite, 
Ivrea–Verbano Zone; Chapter 3). Despite the 
fact that changes to bulk rock Th have limited 
eff ect on the stability of monazite and the other 
phosphates, they have a similar (but inverse) 
eff ect on Th-in-monazite concentrations (Fig. 
10). For example, low bulk rock Th translates 
to low Th-in-monazite compositions (Fig. 10). 
These observations highlight the crucial need 
for more monazite and other accessory mineral 
modal information to be included in natural 
studies to better understand chemical trends in 
these minerals.
 4.4 Comparison to natural data
Comparison of the results presented here to 
>5000 published monazite compositions (Fig. 1; 
Chapter 4) is an essential check of the validity 
of our modelling approach. The EADs presented 
herein (Figs. 2–10) replicate both the total 
amount of Th-in-monazite and trend of Th-in-
monazite with temperature from the large dataset 
from natural samples (Fig. 1). This can be seen by 
comparing the natural monazite data in Fig. 1 to 
calculated monazite compositions presented as 
isobaric transects in Figs. 7–10. 
For the temperature interval 500–800 C, the 
natural monazite data (Fig. 1) shows a fairly 
constant mean value of Th-in-monazite at 
~0.05 APFU (approximately 5 wt% ThO₂). Over 
this interval, the standard deviation of the data 
reduces considerably, from 0.04 to 0.01 APFU. 
The reasonably constant average Th-in-monazite 
values over this interval are replicated by the 
relative fl at-sloped trends in Th-in-monazite 
in the EADs here. There are two eff ects that 
likely account for the large variability in the 
data, particularly at the lower temperature end 
of this interval. The fi rst is that bulk rock trace 
element composition has a considerable eff ect 
on the subsolidus Th-in-monazite concentration 
(Figs. 9 & 10). In the EADs we have calculated 
here for diff erent bulk rock trace element values, 
subsolidus average Th-in-monazite (4 kbar) 
ranges from 0.03 to 0.10 APFU (3.1 to 11.4 wt% 
ThO₂; Figs. 9 & 10). This range is slightly larger 
than the 1SD range for the natural data over this 
temperature interval (0.01-0.09 APFU, Fig. 1), 
but sits within the 2SD range (0-0.13 APFU Th-
in-monazite). This confi rms that the chosen trace 
element range for the EADs is reasonable and 
relevant to the natural data. The second eff ect 
that could account for the scatter in the natural 
data in the temperature window 500-800 C is the 
variable temperature of the allanite to monazite 
transition due to pressure (positive slope) and 
bulk composition eff ects. This transition is 
always accompanied by a sharp increase in the 
Th-in-monazite concentration over the fi rst 
~10C of monazite stability. The fact that this 
transition would occur at diff erent temperature 
in diff erent natural samples (dependent on P-T 
path and bulk composition) can account for some 
of the scatter in the natural Th-in-monazite data 
over this temperature interval. This eff ect would 
be limited above approximately 820C, as this is 
the maximum temperature of the monazite to 
allanite transition at 12kbar in our EADs. The fi rst 
occurrence of monazite may form above these 
temperatures in some rocks, but such data is very 
limited within our dataset (Chapter 4). 
For temperatures above 800C, the Th-in-
monazite trends for open and closed system 
melting EADs for the diff erent bulk compositions 
are highly variable (Figs. 2-10). This is consistent 
with the increased variability of Th-in-
monazite in the natural data, particularly in the 
temperature interval 800-1000C. Three factors 
account for this variability: (1) closed versus 
open system melting; (2) bulk rock composition; 
and (3) transect pressure.  Calculated monazite 
mode progressively decreases above the solidus 
in closed system EADs, particularly at high 
pressures (Fig. 2). This observation is important 
as it is very uncommon for natural samples to 
access and record the metamorphic assemblages 
at low pressures and UHT temperatures (i.e. 
extreme thermal gradients) and for this reason 
the high temperature monazite compositions 
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included in the natural dataset are for pressures 
>9kbar. No such decrease in monazite stability 
with temperature is observed in open system 
EADs. The natural dataset of monazite contains 
abundant suprasolidus and granulite facies 
monazite (Fig. 1). This is not entirely consistent 
with modelled closed system situations where 
monazite is progressively dissolved above the 
solidus. Open system behaviour is therefore likely 
to be an important reason for the persistence of 
monazite to high temperatures in anatectic rocks. 
Natural UHT monazite that is particularly high 
in Th is replicated by calculations in low LREE, 
open systems where apatite is present. However, 
the Th fraction of monazite at high temperatures 
in the EADs is dominated by cheralite (e.g. Figs 4 
and 5). In the natural data, there is a population 
of high-Th monazite enriched in the huttonite 
endmember, based on EPMA derived Si cations, 
(as well as the cheralite endmember) which is 
not replicated by these EADs. The compositions 
of UHT monazite in the natural dataset come 
from a small number of locations which may not 
be entirely representative of global monazite 
trends, particularly if the high variability of Th-
in-monazite presented in these EADs is a true 
indication. The EADs also confi rm the work of 
other studies which found that monazite mode in 
UHT samples is typically low (e.g. Chapter 3). This 
is replicated by the closed system EADs presented 
here and provides a compelling reason why UHT 
monazite should be, and typically is rare in nature. 
Further detailed investigation of monazite mode 
and compositions in known UHT locations 
would be welcome given the potential that such 
monazite could record UHT compositions (e.g. 
Chapter 3; Korhonen, Clark, Brown, Bhattacharya, 
& Taylor, 2013; Suzuki, Arima, Williams, Shiraishi, 
& Kagami, 2006; Walsh et al., 2015). However, the 
virtually impossible challenge in such terranes is 
knowing what the abundance of monazite was in 
lower-grade equivalents of the UHT rocks. 
4.5 Application to Mt Staff ord and the 
Ivrea Verbano Zone
Monazite as modelled in the preceding sections 
shows a range of compositions which are 
consistent in range and absolute amount to 
natural monazites within our global dataset. 
As such, these thermodynamic models may 
assist in understanding the complex zoning 
patterns seen in natural monazite. By specifi cally 
linking individual monazite compositional (and 
age) zones to P–T conditions, detailed P–T–t 
information can be extracted from monazite. 
Extracting P–T information directly from 
monazite may improve the precision and detail 
that can be extracted from individual monazite 
grains and reduces the reliance on fi nding 
monazite–xenotime or monazite–garnet grains 
which show equilibrium characteristics. This 
approach could also help to clarify when monazite 
grew relative to other minerals when textural 
or geochronological observations are unclear. 
Whereas this contribution has focussed on Th-
in-monazite, other compositional endmembers 
of monazite and other minerals are all calculated 
simultaneously in this framework and can be 
assessed to understand the relationships between 
minerals of diff erent compositions.
The application of the modelling framework 
to specifi c natural samples is a further useful 
check of whether these thermodynamic models 
are to be widely applicable. Here we explore the 
application of the thermodynamic models to 
one natural rock composition from Mt Staff ord 
(STF) and the Ivrea–Verbano Zone (IVZ). This 
application will be restricted to subsolidus rocks 
for the sake of simplicity (particularly around 
open vs closed system melting). The selected 
compositions are both from amphibolite facies, 
subsolidus rocks (Table 4; Chapters 2 and 3). 
Both of these samples show multiple monazite 
chemical zones, described in full in chapter 2 
(STF) and chapter 3 (IVZ) and summarised in 
Fig. 11 and appendix S5.3. 
The peak mineral assemblage fi eld for STF02B 
is consistent with the previous P–T estimate of 
2.55 kbar and 620 C for the sample (projected 
from White, Powell, & Clarke, 2003), but also 
extends to lower pressures and temperatures 
(Fig. 11a & b). The monazite composition range 
for zone B (rims of grains in STF02B) overlaps 
with the peak mineral assemblage fi eld (Fig. 11b), 
and constrains the peak of metamorphism in this 
sample to <3.5 kbar and 460–600 C, at slightly 
lower temperature than the previous estimate 
for this sample. The monazite compositional 
range for zone A (low temperature metamorphic 
origin, cores of grains in STF02B; Chapter 2) 
occurs near the fi rst appearance of monazite at 
lower temperatures (~360 ) and slightly higher 
pressures than zone B. The current fi eld of overlap 
for two of Ce, Th and Y (lowest temperature 
light yellow fi eld; Fig. 11a) is consistent with the 
location of zone A in cores of grains in STF02B 
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and the ubiquitous presence of zone A monazite 
in the lowest grade samples from the sequence 
(Chapter 2). 
The peak mineral assemblage fi eld for IV16-
07 is consistent with previous P-T estimates of 
5.4 kbar and 680 C for IV16-07 (Fig. 11 c & d; 
Kunz & White, 2019; Redler, Johnson, White, & 
Kunz, 2012)NW Italy, but also extends to lower 
pressures and temperatures. The monazite 
compositional ranges for both Z2 and Z3 monazite 
occur at least partly down temperature of the 
whole rock assemblage fi eld for IV16-07. The 
fi eld of compositional overlap (3 contours) for 
Z2 monazite (Fig. 11c) occurs at higher pressures 
than Z3 monazite (Fig. 11d). 
The location of the Z3 monazite compositional 
range, down pressure from the Z2 range indicates 
that this zone most likely formed on the retrograde 
part of a clockwise path. This is at odds with our 
initial interpretation of the relationship of these 
two zones: that both Z2 and Z3 were formed on 
the prograde path. The original assumption in 
chapter 3 was that monazite and xenotime grew 
in equilibrium with each other as they occupy 
the same microstructural location (solely within 
the matrix).  It was also assumed in the original 
interpretation in chapter 3 that Y-in-monazite 
was correlated with temperature, and thus that 
Z3 monazite (with much higher Y-in-monazite) 
must have formed at higher temperatures than 
Z2 (e.g. Pyle & Spear, 2003).
The EADs for STF02B produce a very small fi eld 
of overlap between the compositional contours 
(Ce, Th and Y) for monazite zone A (Fig. 11a) 
and a very large fi eld of overlap for monazite 
zone B (Fig. 11b). It is expected that more precise 
whole rock geochemistry would produce a fi eld 
of overlap between Th, Ce and Y for zone A 
which extends further down pressure adjacent 
to the fi rst appearance of monazite. More precise 
bulk geochemistry would also likely decrease 
the area of overlap for zone B. This is because 
monazite composition is quite sensitive to trace 
element chemistry, particularly Th (see Fig. 
10). An increase of Th-in-monazite results in 
a commensurate decrease in REE-in-monazite 
(Y-in-monazite is largely unaff ected). Therefore 
if bulk Th is too high, as is expected to be the 
case here (see appendix S5.3), its impact is to 
change the position of both the Ce and the Th 
contours. Where monazite composition changes 
rapidly, such as near the fi rst (low-temperature) 
appearance of monazite (e.g. STF zone A), this can 
result in the compositional contours of monazite 
not overlapping. In the case of IV16-07, lower bulk 
Th would result in regions of overlap for Z2 and 
Z3 compositional contours which also overlap the 
whole rock assemblage fi eld. This would be more 
consistent with the interpretations from the rock 
that monazite grew concurrently with the peak 
mineral assemblage (Chapter 3).
If the errors on the bulk rock Th are very large, 
as is the case here, it can result in very large 
fi elds in areas where monazite composition is 
relatively unchanging (e.g. STF zone B, Fig. 11b). 
It may also be that in natural rocks there is some 
incorporation of the trace elements into silicate 
minerals which is not accounted for in these 
thermodynamic models. This is mostly thought 
to be the case for garnet, which is not present in 
sample STF02B but is present in IV16-07, so can 
only have an eff ect in the latter (see Yakymchuk 
& Brown, 2019).
Although these thermodynamic models aren’t 
necessarily defi nitive, we have shown that 
within the limitations (uncertainty) of measured 
whole rock geochemistry they have competently 
predicted the integrated monazite and major 
mineral evolution of these two natural rocks. 
This is a very pleasing outcome, therefore these 
thermodynamic models represent an important 
step towards integrating monazite geochemistry 
(and geochronology) with P–T modelling and 
show promise for this endeavour moving forward. 
4.6 Implications for accessory mineral         
petrology
This equilibrium thermodynamics approach is 
a major step forward for integrating accessory 
minerals into modern metamorphic petrology 
approaches. The integration of accessory 
minerals into phase equilibria modelling was 
discussed in Engi (2017) as being one of only 
three key directions for future development in 
accessory mineral petrology and petrochronology 
research. The thermodynamic model framework 
we have developed already provides some 
powerful benefi ts over existing techniques: (1) 
the four major phosphate and accessory minerals 
(monazite, allanite, apatite and xenotime) 
are all included; (2) calculations involving 
accessory minerals are fully integrated into the 
calculation of the EAD, rather than calculated 
externally and separately as a function of melt 
composition; (3) the calculations, including the 
melt loss routine, are automated, reducing the 
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calculation time to minutes or hours for diagrams 
such as presented here; (4) the calculations are 
readily adaptable to any realistic aluminous 
metasedimentary and granitic bulk composition; 
and (5) the monazite activity–composition (a–x) 
model includes the vast majority of the major 
compositional components of monazite, which 
typically comprise over 90 wt% of the total 
oxide of natural monazite compositions. More 
targeted petrological experiments on apatite and/
or monazite behaviour in granitic melt-bearing 
systems could be conducted to improve future 
iterations of these thermodynamic models.
The ability to readily conduct these calculations 
opens up a range of potential applications in 
petrochronology. They allow investigation of 
subsolidus and prograde metamorphic processes 
involving accessory minerals. The thermodynamic 
models can be applied to better understand the 
formation of specifi c phosphate microstructures 
where detailed petrographic analysis has shown 
the evolution of the phosphate assemblage or 
composition (e.g. Chapters 2 and 3). The most 
powerful application for this framework will be 
by combining this modelling with geochronology 
to better assess geospeedometry, i.e. putting 
absolute time into P–T–t(–D) paths. This 
application has the potential to signifi cantly 
further our understanding of the rates of tectonic 
processes, particularly in the deep crust. As 
melt is calculated to contain trace element, our 
modelling framework opens up the study of 
magmatic processes tracked via trace elements 
such as Y, La and Th.
The calculated composition fi eld for STF monazite 
zone B (Fig. 11b) provides a possible explanation 
for the observations that monazite chemical 
zones can contain more than one isotopic (age) 
zone. This same compositional zone intersects 
the previously established P-T path for Mt 
Staff ord (White et al., 2003) three times below 
the peak temperature for the terrane (820C; Fig. 
11b; White et al. 2003). This could indicate that in 
the highest temperature rocks in the region, the 
same apparent compositional zone, when taken 
as a range as we have done here, could contain 
as many as 6 isotopic zones or ages (3 prograde 
and 3 retrograde) depending on the reactivity and 
preservation of monazite. Future, detailed studies 
of monazite chemical and isotopic composition 
could leverage this modelling technique to 
improve the understanding of monazite growth 
in complex or indistinct cases. Overall, these 
EADs show just how varied the response of 
monazite chemistry could be to metamorphism 
depending on bulk chemistry, P-T path and 
melting conditions. It also provides the tool for 
examining these complex behaviours. 
5 CONCLUSIONS
Calculated equilibrium thermodynamic EADs 
show that monazite is stable over the P–T range 
1–12 kbar and 500 –1000 C in a closed system. 
The monazite stability fi eld is approximately 
triangular, with monazite stable over a restricted 
temperature range at high pressures that 
intersects with the solidus. In open systems, 
monazite is stable to >1100C up to ~10 kbar and 
sometimes higher. Low Th monazite occurs in a 
narrow fi eld immediately up temperature of the 
fi rst appearance of monazite, corresponding to 
the area where allanite and monazite coexist. 
High Th monazite occurs at high pressures and 
temperatures in open systems. Total Th-in-
monazite is relatively stable over the temperature 
range 600–800 C regardless of pressure, open 
or closed melting regimes or major element 
bulk rock chemistry. Th-in-monazite is variable 
above ~800 C, aff ected by pressure, closed vs 
open system melting and bulk rock composition. 
Bulk rock Al2O3 and CaO aff ect the stability of 
monazite, in line with previous studies, but have 
a limited eff ect on Th-in-monazite. The opposite 
of this is true for bulk rock Th. Bulk rock LREE 
aff ects the suprasolidus stability of monazite 
and also Th-in-monazite. The modelling results 
presented here closely replicate the results 
from a recent compilation of >5000 P–T linked 
monazite analyses. This thermodynamic 
modelling framework shows additional promise 
in application to natural samples. The monazite 
compositions from two subsolidus samples were 
replicated within the uncertainty of the measured 
monazite and whole rock compositions. This new 
framework is a powerful tool for investigating a 
wide range of petrology questions.
SUPPORTING INFORMATION 
Appendix S5.1: Spear & Pyle (2010) (C1) and 
Spear (2010) (C2) diagrams
Appendix S5.2: Additional diagrams and bulk 
compositions
Appendix S5.3: IVZ + STF modelling methods and 
diagrams
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Supporting information
APPENDIX S5.1: SPEAR & PYLE 
(2010) (C1) AND SPEAR (2010) (C2) 
DIAGRAMS
Diagrams for C1 and C2 in text (Figs. 2-10) are 
composite fi gures. The original output datafi le 
for each modelled variation of C1 (Spear & Pyle, 
2010) and C2 (Spear, 2010) are included as 
separate fi les (S5.2.X). “.All” fi les can be opened 
using a standard text reader. 
Electronic supplementary fi les:
S5.1.1 C1 closed system model, “SP10DSM.
All”
S5.1.2 C1 open system model, “SP10DSM_
ME.All”
S5.1.3 C1 closed system model, P=0.30, 
“SP10DSM_P30.All”
S5.1.4 C1 closed system model, P=0.10, 
“SP10DSM_P10.All”
S5.1.5 C1 closed system model, P=0.05, 
“SP10DSM_P05.All”
S5.1.6 C1 open system model, P=0.30, 
“SP10DSM_P30_ME.All”
S5.1.7 C1 open system model, P=0.10, 
“SP10DSM_P10_ME.All”
S5.1.8 C1 open system model, P=0.05, 
“SP10DSM_P05_ME.All”
S5.1.9 C1 closed system model, 2Ca, 
“SP10DSM_Ca2.All”
S5.1.10 C1 closed system model, 0.5Ca, 
“SP10DSM_Ca05.All”
S5.1.11 C1 open system model, 2Ca, 
“SP10DSM_Ca2_ME.All”
S5.1.12 C1 open system model, 0.5Ca, 
“SP10DSM_Ca05_ME.All”
S5.1.13 C1 closed system model, 1.5Al, 
“SP10DSM_Al15.All”
S5.1.14 C1 closed system model, 0.75Al, 
“SP10DSM_Al75.All”
S5.1.15 C1 open system model, 1.5Al, 
“SP10DSM_Al15_ME.All”
S5.1.16 C1 open system model, 0.75Al, 
“SP10DSM_Al75_ME.All”
S5.1.17 C1 closed system model, 2REE, 
“SP10DSM_REE2.All”
S5.1.18 C1 closed system model, 0.5REE, 
“SP10DSM_REE05.All”
S5.1.19 C1 open system model, 2REE, 
“SP10DSM_REE2_ME.All”
S5.1.20 C1 open system model, 0.5REE, 
“SP10DSM_REE05_ME.All”
S5.1.21 C1 closed system model, 2Th, 
“SP10DSM_Th2.All”
S5.1.22 C1 closed system model, 0.5Th, 
“SP10DSM_Th05.All”
S5.1.23 C1 open system model, 2Th, 
“SP10DSM_Th2_ME.All”
S5.1.24 C1 open system model, 0.5Th, 
“SP10DSM_Th05_ME.All”
S5.1.25 C2 closed system model, “S10DSM.
All”
S5.1.26 C2 open system model, “S10DSM_
ME.All”
S5.1.27 C2 closed system model, P=0.30, 
“S10DSM_P30.All”
S5.1.28 C2 closed system model, P=0.10, 
“S10DSM_P10.All”
S5.1.29 C2 closed system model, P=0.05, 
“S10DSM_P05.All”
S5.1.30 C2 open system model, P=0.30, 
“S10DSM_P30_ME.All”
S5.1.31 C2 open system model, P=0.10, 
“S10DSM_P10_ME.All”
S5.1.32 C2 open system model, P=0.05, 
“S10DSM_P05_ME.All”
S5.1.33 C2 closed system model, 2Ca, 
“S10DSM_Ca2.All”
S5.1.34 C2 closed system model, 0.5Ca, 
“S10DSM_Ca05.All”
S5.1.35 C2 open system model, 2Ca, “S10DSM_
Ca2_ME.All”
S5.1.36 C2 open system model, 0.5Ca, 
“S10DSM_Ca05_ME.All”
S5.1.37 C2 closed system model, 1.5Al, 
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“S10DSM_Al15.All”
S5.1.38 C2 closed system model, 0.75Al, 
“S10DSM_Al75.All”
S5.1.39 C2 open system model, 1.5Al, 
“S10DSM_Al15_ME.All”
S5.1.40 C2 open system model, 0.75Al, 
“S10DSM_Al75_ME.All”
S5.1.41 C2 closed system model, 2REE, 
“S10DSM_REE2.All”
S5.1.42 C2 closed system model, 0.5REE, 
“S10DSM_REE05.All”
S5.1.43 C2 open system model, 2REE, 
“S10DSM_REE2_ME.All”
S5.1.44 C2 open system model, 0.5REE, 
“S10DSM_REE05_ME.All”
S5.1.45 C2 closed system model, 2Th, 
“S10DSM_Th2.All”
S5.1.46 C2 closed system model, 0.5Th, 
“S10DSM_Th05.All”
S5.1.47 C2 open system model, 2Th, “S10DSM_
Th2_ME.All”
S5.1.48 C2 open system model, 0.5Th, 
“S10DSM_Th05_ME.All”
APPENDIX S5.2: ADDITIONAL 
DIAGRAMS AND BULK 
COMPOSITIONS
Preliminary modelling of two additional pelite 
compositions was completed. These compositions 
were initially published in Kelsey, Clark, and 
Hand (2008) and Yakymchuk, Kirkland, and Clark 
(2018). The original output data fi le (.All fi les; see 
below, S5.2.X) for each of these compositions 
are included as separate fi les and the modelled 
compositions are summarised in Table S5.2. Note 
that these two compositions were modelled using 
an earlier version of the dataset which favours 
Th-in-monazite much more strongly than Th-in-
allanite at low temperatures. “.All” fi les can be 
opened using a standard text reader.
Electronic supplementary fi les:
S5.2.1 K08 closed system model, “K08DSM.
All”
S5.2.2 Y18 closed system model, “Y18DSM.
All”
APPENDIX S5.3: MT STAFFORD 
AND IVREA–VERBANO ZONE 
MODELLING METHODS AND 
DIAGRAMS
The modelling for natural rock compositions from 
Mt Staff ord and the Ivrea–Verbano Zone (STF02B 
and IV16-07 respectively) were modelled using 
principally the same method as the C1 and C2 
compositions as described in section 2.2 (main 
text). The only diff erence was the method of 
adding trace elements to the major element 
compositions. These two samples have measured 
Ce, La, Y and Th values (Chapters 2 and 3), but 
not F or Nd. For Ce, La, Y and Th, trace elements 
equal to the measured values were used. 
Bulk Nd values were not analysed, so appropriate 
bulk Nd values were substituted. Nd values 
used for both STF02B and IV16-07 models were 
calculated from La values for those compositions 
using the average La/Nd ratio from studies of 
upper crustal rocks (average La/Nd = 0.89; Condie, 
1993; Gromet, Haskin, Korotev, & Dymek, 1984; 
McLennan, 2001; Plank, 2014; Rudnick & Gao, 
2003; Taylor & McLennan, 1985; Wedepohl, 1995). 
The Nd values used in calculations are given in 
Table 4. F was added by the same method as for 
C1 and C2, but the measured P value was used.
 K08 Y18 
Major elements(wt%) 
SiO2 65.29 60.70 
Al2O3 18.46 21.78 
MgO 1.61 3.49 
FeO 4.81 4.52 
MnO 0.11 0.19 
CaO  3.01 1.86 
Na2O 1.71 1.94 
K2O 3.82 4.34 
H2O 0.99 0.99 
F 0.014 0.014 
P2O5 0.16 0.16 
Trace elements(wt%) 
Y2O3 0.0034 0.0034 
La2O3 0.0044 0.0044 
Ce2O3 0.0089 0.0089 
Nd2O3 0.0035 0.0035 
ThO2 0.0017 0.0017 
Trace elements(ppm) 
Y 27 27 
La 37 37 
Ce 76 75 
Nd 30 30 
Th 15 15 
Table S5.2. P T Additional bulk compositions used in 
exploratory calculation of phase equilibrium models. Major 
elements reported as wt % oxide and trace elements as ppm 
element. K08, Kelsey et al. (2008); and Y18, Yakymchuck et 
al. (2018).
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Original output diagrams from which Figure 11 
were drawn are provided in Figs. S5.3.1 –S5.3.8 
(See also electronic supplemenatry fi les). The 
original output data fi le (.All fi les; see below, 
S5.3.1 and S5.3.2) for each of these compositions 
are included as separate fi les. “.All” fi les can be 
opened using a standard text reader.
Electronic supplementary fi les:
S5.3.1 STF02B closed system model, “ST02BR.
All”
S5.3.2 IV16-07 closed system model, “IV07BR.
All” 
Figures S5.3.1–S5.3.8
Figure S5.3.1. EAD for STF02B as output by MADplotter program.

















1  9 Quartz KySilAnd K-feldsp Garnet_Y Muscovit Biotite Apatite Xenotime Allanite
2  10 Quartz KySilAnd K-feldsp Garnet_Y Muscovit Biotite Apatite Monazite Xenotime Allanite
3  11 Quartz KySilAnd Plagiocl K-feldsp Garnet_Y Muscovit Biotite Apatite Monazite Xenotime Allanite
4  10 Quartz KySilAnd Plagiocl K-feldsp Garnet_Y Muscovit Biotite Apatite Monazite Xenotime
5  9 Quartz KySilAnd Plagiocl K-feldsp Garnet_Y Muscovit Biotite Apatite Monazite
6  9 Quartz KySilAnd K-feldsp Garnet_Y Muscovit Biotite Apatite Monazite Melt
7  8 Quartz KySilAnd K-feldsp Garnet_Y Biotite Apatite Monazite Melt
8  10 Quartz KySilAnd Plagiocl K-feldsp Garnet_Y Muscovit Biotite Apatite Monazite Melt
9  10 Quartz KySilAnd Plagiocl K-feldsp Garnet_Y Muscovit Biotite Apatite Xenotime Allanite
10  10 Quartz KySilAnd Plagiocl K-feldsp Garnet_Y Muscovit Biotite Apatite Monazite Allanite
11  9 Quartz KySilAnd Plagiocl K-feldsp Garnet_Y Biotite Apatite Monazite Melt
12  11 Quartz KySilAnd Plagiocl K-feldsp Garnet_Y Muscovit Biotite Apatite Monazite Xenotime Melt
13  8 Quartz KySilAnd K-feldsp Garnet_Y Muscovit Biotite Apatite Allanite
14  9 Quartz KySilAnd Plagiocl K-feldsp Garnet_Y Muscovit Biotite Apatite Allanite
15  9 Quartz KySilAnd Plagiocl K-feldsp Muscovit Biotite Apatite Monazite Xenotime
16  9 Quartz KySilAnd Plagiocl K-feldsp Muscovit Biotite Apatite Monazite Melt
17  8 Quartz KySilAnd Plagiocl K-feldsp Biotite Apatite Monazite Melt
18  10 Quartz KySilAnd Plagiocl K-feldsp Muscovit Biotite Apatite Monazite Xenotime Melt
19  8 KySilAnd K-feldsp Garnet_Y Biotite Apatite Monazite Melt Cordieri
20  9 Quartz KySilAnd K-feldsp Garnet_Y Biotite Apatite Monazite Melt Cordieri
21  10 Quartz KySilAnd Plagiocl K-feldsp Garnet_Y Biotite Apatite Monazite Melt Cordieri
22  9 Quartz Water KySilAnd Plagiocl K-feldsp Biotite Apatite Monazite Melt
23  9 KySilAnd Plagiocl K-feldsp Garnet_Y Biotite Apatite Monazite Melt Cordieri
24  9 Quartz KySilAnd Plagiocl K-feldsp Biotite Apatite Monazite Melt Cordieri
25  10 Quartz Water KySilAnd Plagiocl K-feldsp Muscovit Biotite Apatite Monazite Xenotime
26  10 Quartz Water KySilAnd Plagiocl K-feldsp Biotite Apatite Monazite Xenotime Melt
27  8 KySilAnd Plagiocl K-feldsp Biotite Apatite Monazite Melt Cordieri
28  9 Quartz Water KySilAnd Plagiocl K-feldsp Biotite Apatite Monazite Xenotime
29  10 Quartz Water KySilAnd Plagiocl K-feldsp Biotite Apatite Monazite Melt Cordieri
30  7 KySilAnd K-feldsp Biotite Apatite Monazite Melt Cordieri
31  11 Quartz Water KySilAnd Plagiocl K-feldsp Biotite Apatite Monazite Xenotime Melt Cordieri
32  10 Quartz Water KySilAnd Plagiocl K-feldsp Biotite Apatite Monazite Xenotime Cordieri
33  9 Water KySilAnd Plagiocl K-feldsp Biotite Apatite Monazite Melt Cordieri
34  11 Quartz Water KySilAnd Plagiocl K-feldsp Muscovit Biotite Apatite Monazite Xenotime Cordieri
35  10 Quartz KySilAnd Plagiocl K-feldsp Muscovit Biotite Apatite Monazite Xenotime Cordieri
36  9 Quartz Water Plagiocl K-feldsp Biotite Apatite Monazite Melt Cordieri
37  9 Quartz Plagiocl K-feldsp Muscovit Biotite Apatite Monazite Xenotime Cordieri
38  10 Quartz Water Plagiocl K-feldsp Biotite Apatite Monazite Xenotime Melt Cordieri
39  8 Water Plagiocl K-feldsp Biotite Apatite Monazite Melt Cordieri
40  10 Quartz Water Plagiocl K-feldsp Muscovit Biotite Apatite Monazite Xenotime Cordieri
41  9 Quartz Water Plagiocl K-feldsp Biotite Apatite Monazite Xenotime Cordieri
42  8 Water KySilAnd K-feldsp Biotite Apatite Monazite Melt Cordieri
43  7 Water K-feldsp Biotite Apatite Monazite Melt Cordieri
44  11 Quartz KySilAnd Plagiocl K-feldsp Garnet_Y Muscovit Biotite Apatite Monazite Xenotime Cordieri
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Figure S5.3.2. Contours of Ce in monazite for STF02B as output by MADplotter program. Contour increments are 0.001 
APFU. Coloured area indicates extent of monazite stability.
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Figure S5.3.3. Contours of Th in monazite for STF02B as output by MADplotter program. Contour increments are 0.001 
APFU. Coloured area indicates extent of monazite stability.
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Figure S5.3.4. Contours of Y in monazite for STF02B as output by MADplotter program. Contour increments are 0.001 
APFU. Coloured area indicates extent of monazite stability.

















0.00600 --      0.00700
0.00700 --      0.00800
0.00800 --      0.00900
0.00900 --      0.01000
0.01000 --      0.01100
0.01100 --      0.01200
0.01200 --      0.01300
0.01300 --      0.01400
0.01400 --      0.01500
0.01500 --      0.01600
0.01600 --      0.01700
0.01700 --      0.01800
0.01800 --      0.01900
0.01900 --      0.02000
0.02000 --      0.02100
0.02100 --      0.02200
0.02200 --      0.02300
0.02300 --      0.02400
0.02400 --      0.02500
0.02500 --      0.02600
0.02600 --      0.02700
0.02700 --      0.02800
0.02800 --      0.02900
0.02900 --      0.03000
0.03000 --      0.03100
0.03100 --      0.03200
0.03200 --      0.03300
0.03300 --      0.03400
0.03400 --      0.03500
0.03500 --      0.03600
0.03600 --      0.03700
0.03700 --      0.03800
0.03800 --      0.03900
0.03900 --      0.04000
0.04000 --      0.04100
0.04100 --      0.04200
0.04200 --      0.04300
0.04300 --      0.04400
0.04400 --      0.04500
0.04500 --      0.04600
0.04600 --      0.04700
0.04700 --      0.04800
0.04800 --      0.04900
0.04900 --      0.05000
0.05000 --      0.05100
0.05100 --      0.05200
0.05200 --      0.05300
0.05300 --      0.05400
0.05400 --      0.05500
0.05500 --      0.05600
0.05600 --      0.05700
0.05700 --      0.05800
0.05800 --      0.05900
0.05900 --      0.06000
0.06000 --      0.06100
0.06100 --      0.06200
0.06200 --      0.06300
0.06300 --      0.06400
0.06400 --      0.06500
0.06500 --      0.06600
0.06600 --      0.06700
0.06700 --      0.06800
0.06800 --      0.06900
0.06900 --      0.07000
0.07000 --      0.07100
0.07100 --      0.07200
0.07200 --      0.07300
0.07300 --      0.07400
0.07400 --      0.07500
0.07500 --      0.07600
0.07600 --      0.07700
0.07700 --      0.07800
0.07800 --      0.07900
0.07900 --      0.08000
0.08000 --      0.08100
0.08100 --      0.08200
0.08200 --      0.08300
0.08300 --      0.08400
0.08400 --      0.08500
0.08500 --      0.08600
0.08600 --      0.08700
0.08700 --      0.08800
0.08800 --      0.08900
0.08900 --      0.09000
0.09000 --      0.09100
0.09100 --      0.09200
0.09200 --      0.09300
0.09300 --      0.09400
0.09400 --      0.09500
0.09500 --      0.09600
0.09600 --      0.09700
0.09700 --      0.09800
0.09800 --      0.09900
0.09900 --      0.10000
0.10000 --      0.10100
0.10100 --      0.10200
0.10200 --      0.10300
0.10300 --      0.10400
0.10400 --      0.10500
0.10500 --      0.10600
0.10600 --      0.10700
127
Chapter 5 Modelling of Th-in-monazite
Figure S5.3.5. EAD for IV16 07  as output by MADplotter program.



















1  7 Quartz KySilAnd Garnet_Y Muscovit Biotite Apatite Allanite
2  8 Quartz KySilAnd Garnet_Y Muscovit Biotite Apatite Allanite Stauroli
3  7 Quartz KySilAnd Garnet_Y Muscovit Apatite Allanite Stauroli
4  7 Quartz Water KySilAnd Garnet_Y Muscovit Apatite Allanite
5  8 Quartz Water KySilAnd Plagiocl Garnet_Y Muscovit Apatite Allanite
6  9 Quartz Water KySilAnd Plagiocl Garnet_Y Muscovit Apatite Allanite Melt
7  8 Quartz KySilAnd Plagiocl Garnet_Y Muscovit Apatite Allanite Melt
8  8 Quartz Water KySilAnd Garnet_Y Muscovit Apatite Allanite Stauroli
9  8 Quartz Water KySilAnd Garnet_Y Muscovit Biotite Apatite Allanite
10  8 Quartz KySilAnd Plagiocl K-feldsp Garnet_Y Apatite Allanite Me t
11  9 Quartz KySilAnd Plagiocl K-feldsp Garnet_Y Muscovit Apatite Allanite Me t
12  9 Quartz Water KySilAnd Plagiocl Garnet_Y Muscovit Biotite Apatite Allanite
13  10 Quartz Water KyS lAnd Plagiocl Garnet_Y Muscovit Biotite Apatite Allanite Me t
14  9 Quartz KySilAnd Plagiocl Garnet_Y Muscovit Biotite Apatite Allan te Melt
15  9 Quartz KySilAnd Plagiocl K-feldsp Garnet_Y Biotite Apatite Allanite Melt
16  9 Quartz KySilAnd Plagiocl K-feldsp Garnet_Y Apatite Monazite Allanite Melt
17  9 Quartz KySilAnd Plagiocl Garnet_Y Muscovit Biotite Apatite Allan te Stauroli
18  10 Quartz KySilAnd Plagiocl K-feldsp Garnet_Y Muscovit Biotite Apatite Allanite Melt
19  8 Quartz KySilAnd Plagiocl K-feldsp Garnet_Y Apatite Monazite Melt
20  10 Quartz KySilAnd Plagiocl K-feldsp Garnet_Y Biotite Apatite Monazite Allanite Melt
21  10 Quartz Water KyS lAnd Plagiocl Garnet_Y Muscovit Biotite Apatite Allanite Stauroli
22  8 Quartz KySilAnd Plagiocl Garnet_Y Muscovit Biotite Apatite Allan te
23  9 Quartz KySilAnd Plagiocl K-feldsp Garnet_Y Biotite Apatite Monazite Melt
24  11 Quartz KySilAnd Plagiocl K-feldsp Garnet_Y Muscovit Biotite Apatite Monazite Allanite Melt
25  10 Quartz KySilAnd Plagiocl Garnet_Y Muscovit Biotite Apatite Monazite Allanite Melt
26  8 Quartz Plagiocl Garnet_Y Muscovit Biotite Apatite Allanite Stauroli
27  9 Quartz Water Plagiocl Garnet_Y Muscovit Biotite Apatite Allanite Stauroli
28  10 Quartz Water KyS lAnd Plagiocl Garnet_Y Muscovit Biotite Apatite Monazite A lanite
29  11 Quartz Water KyS lAnd Plagiocl Garnet_Y Muscovit Biotite Apatite Monazite A lanite Melt
30  9 Quartz KySilAnd Plagiocl Garnet_Y Muscovit Biotite Apatite Monazite Melt
31  10 Quartz Water KyS lAnd Plagiocl Garnet_Y Muscovit Biotite Apatite Monazite Melt
32  9 Quartz Water KySilAnd Plagiocl Garnet_Y Muscovit Biotite Apatite Monazite
33  8 Quartz KySilAnd Plagiocl Garnet_Y Biotite Apatite Monazite Melt
34  9 Quartz Water KySilAnd Plagiocl Garnet_Y Biotite Apatite Monazite Me t
35  8 Quartz Water KySilAnd Plagiocl Garnet_Y Biotite Apatite Monazite
36  6 KySilAnd Plagiocl Garnet_Y Apatite Monazite Melt
37  7 KySilAnd Plagiocl K-feldsp Garnet_Y Apatite Monazite Melt
38  8 KySilAnd Plagiocl K-feldsp Garnet_Y Apatite Monazite Melt Cordieri
39  7 KySilAnd Plagiocl Garnet_Y Apatite Monazite Melt Cordieri
40  9 Quartz KySilAnd Plagiocl K-feldsp Garnet_Y Apatite Monazite Melt Cordieri
41  9 KySilAnd Plagiocl K-feldsp Garnet_Y Biotite Apatite Monazite Melt Cordieri
42  10 Quartz KySilAnd Plagiocl K-feldsp Garnet_Y Biotite Apatite Monazite Melt Cordieri
43  11 Quartz Water KyS lAnd Plagiocl Garnet_Y Muscovit Biotite Apatite Monazite A lanite Stauroli
44  9 Quartz KySilAnd Plagiocl Garnet_Y Biotite Apatite Monazite Melt Cordieri
45  10 Quartz KySilAnd Plagiocl Garnet_Y Muscovit Biotite Apatite Xenotime Allanite Stauroli
46  12 Quartz Water KyS lAnd Plagiocl Garnet_Y Muscovit Biotite Apatite Monazite Xenotime Allanite Stauroli
47  9 Quartz Water KySilAnd Plagiocl Garnet_Y Biotite Apatite Monazite Allanite
48  11 Quartz Water KyS lAnd Plagiocl Garnet_Y Muscovit Biotite Apatite Xenotime Allanite Stauroli
49  10 Quartz Water KyS lAnd Plagiocl Garnet_Y Biotite Apatite Monazite Melt Cordieri
50  10 Quartz Water KyS lAnd Plagiocl Garnet_Y Biotite Apatite Monazite A lanite Stauroli
51  9 Quartz Water KySilAnd Plagiocl Garnet_Y Biotite Apatite Monazite Cordieri
52  11 Quartz Water KyS lAnd Plagiocl Garnet_Y Biotite Apatite Monazite Xenotime Allanite Stauroli
53  10 Quartz Water KyS lAnd Plagiocl K-feldsp Garnet_Y Biotite Apatite Monazite Cordieri
54  11 Quartz Water KyS lAnd Plagiocl K-feldsp Garnet_Y Biotite Apatite Monazite Melt Cordieri
55  9 Water KySilAnd Plagiocl K-feldsp Garnet_Y Apatite Monazite Melt Cordieri
56  10 Water KySilAnd Plagiocl K-feldsp Garnet_Y Biotite Apatite Monazite Melt Cordieri
57  10 Quartz Water KyS lAnd Plagiocl Garnet_Y Biotite Apatite Monazite A lanite Cordieri
58  10 Quartz Water KySilAnd Plagiocl Garnet_Y Biotite Apatite Monazite Xenotime Cordieri
59  10 Quartz Water KyS lAnd Plagiocl K-feldsp Garnet_Y Apatite Monazite Melt Cordieri
60  11 Quartz KySilAnd Plagiocl Garnet_Y Muscovit Biotite Apatite Xenotime Allanite Stauroli Cordieri
61  11 Quartz Water KySilAnd Plagiocl Garnet_Y Biotite Apatite Monazite Allanite Stauroli Cordieri
62  11 Quartz Water KyS lAnd Plagiocl K-feldsp Garnet_Y Biotite Apatite Monazite Xenotime Cordieri
63  9 Quartz Water KySilAnd Plagiocl K-feldsp Garnet_Y Apatite Monazite Cordieri
64  12 Quartz Water KySilAnd Plagiocl Garnet_Y Muscovit Biotite Apatite Xenotime Allanite Stauroli Cordieri
65  12 Quartz Water KySilAnd Plagiocl Garnet_Y Biotite Apatite Monazite Xenotime Allanite Stauroli Cordieri
66  13 Quartz Water KySilAnd Plagiocl Garnet_Y Muscovit Biotite Apatite Monazite Xenotime Allanite Stauroli Cordieri
67  12 Quartz KySilAnd Plagiocl Garnet_Y Muscovit Biotite Apat te Monazite Xenotime Allanite Stauroli Cordieri
68  11 Quartz Water KySilAnd Plagiocl Garnet_Y Biotite Apatite Monazite Xenotime Allanite Cordieri
69  10 Quartz Water KySilAnd Plagiocl K-feldsp Garnet_Y Apatite Monazite Xenotime Cordieri
70  9 Quartz Water Plagiocl K-feldsp Garnet_Y Apatite Monazite Xenotime Cordieri
71  9 Quartz Water Plagiocl K-feldsp Garnet_Y Apatite Monazite Melt Cordieri
72  8 Water Plagiocl K-feldsp Garnet_Y Apatite Monazite Melt Cordieri
73  9 Quartz Water KySilAnd Plagiocl Biotite Apatite Monazite Xenotime Cordieri
74  10 Quartz Water KySilAnd Plagiocl K-feldsp Biotite Apatite Monazite Xenotime Cordieri
75  10 Quartz Water Plagiocl K-feldsp Garnet_Y Apatite Monazite Xenotime Melt Cordieri
76  10 Quartz Water Plagiocl K-feldsp Garnet_Y Biotite Apatite Monazite Xenotime Cordieri
77  12 Quartz Water KySilAnd Plagiocl Garnet_Y Muscovit Biotite Apatite Monazite Xenotime Allanite Cordieri
78  9 Quartz Water Plagiocl K-feldsp Biotite Apatite Monazite Xenotime Cordieri
79  11 Quartz Water KySilAnd Plagiocl Garnet_Y Muscovit Biotite Apatite Monazite Xenotime Cordieri
80  9 Water Plagiocl K-feldsp Garnet_Y Biotite Apatite Monazite Melt Cordieri
81  10 Quartz Water KySilAnd Plagiocl Muscovit Biotite Apatite Monazite Xenotime Cordieri
82  9 Water KySilAnd Plagiocl K-feldsp Biotite Apatite Monazite Melt Cordieri
83  11 Quartz KySilAnd Plagiocl Garnet_Y Muscovit Biotite Apatite Monazite Xenotime Allanite Cordieri
84  11 Quartz Water KySilAnd Plagiocl Muscovit Biotite Apatite Monazite Xenotime A lanite Cordieri
85  8 Water Plagiocl K-feldsp Biotite Apatite Monazite Melt Cordieri
86  8 KySilAnd Plagiocl K-feldsp Biotite Apat te Monazite Melt Cordieri
87  10 Quartz KySilAnd Plagiocl Muscovit Biotite Apatite Monazite Xenotime Allanite Cordieri
88  9 Quartz KySilAnd Plagiocl Muscovit Biotite Apatite Monazite Xenotime Cordieri
89  10 Quartz KySilAnd Plagiocl Muscovit Biotite Apatite Xenotime Allanite Stauroli Cordieri
90  7 Plagiocl K-feldsp Biotite Apatite Monazite Melt Cordieri
91  9 Quartz KySilAnd Plagiocl Muscovit Biotite Apatite Xenotime Allan te Cordieri
92  10 Quartz KySilAnd Plagiocl K-feldsp Muscovit Biotite Apatite Monazite Xenotime Cordieri
93  9 Quartz Plagiocl K-feldsp Muscovit Biotite Apatite Monazite Xenotime Cordieri
94  10 Quartz Water Plagiocl K-feldsp Muscovit Biotite Apatite Monazite Xenotime Cordieri
95  10 Quartz KySilAnd Plagiocl Garnet_Y Muscovit Biotite Apatite Allanite Stauroli Cordieri
96  9 Quartz KySilAnd Plagiocl Muscovit Biotite Apatite Allanite Stauroli Cordieri
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Figure S5.3.6. Contours of Ce in monazite for IV16 07 as output by MADplotter program. Contour increments are 0.001 
APFU. Coloured area indicates extent of monazite stability.
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Figure S5.3.7. Contours of Th in monazite for IV16 07 as output by MADplotter program. Contour increments are 0.001 
APFU. Coloured area indicates extent of monazite stability.
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0.03300 --      0.03400
0.03400 --      0.03500
0.03500 --      0.03600
0.03600 --      0.03700
0.03700 --      0.03800
0.03800 --      0.03900
0.03900 --      0.04000
0.04000 --      0.04100
0.04100 --      0.04200
0.04200 --      0.04300
0.04300 --      0.04400
0.04400 --      0.04500
0.04500 --      0.04600
0.04600 --      0.04700
0.04700 --      0.04800
0.04800 --      0.04900
0.04900 --      0.05000
0.05000 --      0.05100
0.05100 --      0.05200
0.05200 --      0.05300
0.05300 --      0.05400
0.05400 --      0.05500
0.05500 --      0.05600
0.05600 --      0.05700
0.05700 --      0.05800
0.05800 --      0.05900
0.05900 --      0.06000
0.06000 --      0.06100
0.06100 --      0.06200
0.06200 --      0.06300
0.06300 --      0.06400
0.06400 --      0.06500
0.06500 --      0.06600
0.06600 --      0.06700
0.06700 --      0.06800
0.06800 --      0.06900
0.06900 --      0.07000
0.07000 --      0.07100
0.07100 --      0.07200
0.07200 --      0.07300
0.07300 --      0.07400
0.07400 --      0.07500
0.07500 --      0.07600
0.07600 --      0.07700
0.07700 --      0.07800
0.07800 --      0.07900
0.07900 --      0.08000
0.08000 --      0.08100
0.08100 --      0.08200
0.08200 --      0.08300
0.08300 --      0.08400
0.08400 --      0.08500
0.08500 --      0.08600
0.08600 --      0.08700
0.08700 --      0.08800
0.08800 --      0.08900
0.08900 --      0.09000
0.09000 --      0.09100
0.09100 --      0.09200
0.09200 --      0.09300
0.09300 --      0.09400
0.09400 --      0.09500
0.09500 --      0.09600
0.09600 --      0.09700
0.09700 --      0.09800
0.09800 --      0.09900
0.09900 --      0.10000
0.10000 --      0.10100
0.10100 --      0.10200
0.10200 --      0.10300
0.10300 --      0.10400
0.10400 --      0.10500
0.10500 --      0.10600
0.10600 --      0.10700
0.10700 --      0.10800
0.10800 --      0.10900
0.10900 --      0.11000
0.11000 --      0.11100
0.11100 --      0.11200
0.11200 --      0.11300
0.11300 --      0.11400
0.11400 --      0.11500
0.11500 --      0.11600
0.11600 --      0.11700
0.11700 --      0.11800
0.11800 --      0.11900
0.11900 --      0.12000
0.12000 --      0.12100
0.12100 --      0.12200
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Figure S5.3.8. Contours of Y in monazite for IV16 07 as output by MADplotter program. Contour increments are 0.001 
APFU. Coloured area indicates extent of monazite stability.
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0.03000 --      0.03100
0.03100 --      0.03200
0.03200 --      0.03300
0.03300 --      0.03400
0.03400 --      0.03500
0.03500 --      0.03600
0.03600 --      0.03700
0.03700 --      0.03800
0.03800 --      0.03900
0.03900 --      0.04000
0.04000 --      0.04100
0.04100 --      0.04200
0.04200 --      0.04300
0.04300 --      0.04400
0.04400 --      0.04500
0.04500 --      0.04600
0.04600 --      0.04700
0.04700 --      0.04800
0.04800 --      0.04900
0.04900 --      0.05000
0.05000 --      0.05100
0.05100 --      0.05200
0.05200 --      0.05300
0.05300 --      0.05400
0.05400 --      0.05500
0.05500 --      0.05600
0.05600 --      0.05700
0.05700 --      0.05800
0.05800 --      0.05900
0.05900 --      0.06000
0.06000 --      0.06100
0.06100 --      0.06200
0.06200 --      0.06300
0.06300 --      0.06400
0.06400 --      0.06500
0.06500 --      0.06600
0.06600 --      0.06700
0.06700 --      0.06800
0.06800 --      0.06900
0.06900 --      0.07000
0.07000 --      0.07100
0.07100 --      0.07200
0.07200 --      0.07300
0.07300 --      0.07400
0.07400 --      0.07500
0.07500 --      0.07600
0.07600 --      0.07700
0.07700 --      0.07800
0.07800 --      0.07900
0.07900 --      0.08000
0.08000 --      0.08100
0.08100 --      0.08200
0.08200 --      0.08300
0.08300 --      0.08400
0.08400 --      0.08500
0.08500 --      0.08600
0.08600 --      0.08700
0.08700 --      0.08800
0.08800 --      0.08900
0.08900 --      0.09000
0.09000 --      0.09100
0.09100 --      0.09200
0.09200 --      0.09300
0.09300 --      0.09400
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0.09700 --      0.09800
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0.10000 --      0.10100
0.10100 --      0.10200
0.10200 --      0.10300
0.10300 --      0.10400
0.10400 --      0.10500
0.10500 --      0.10600
0.10600 --      0.10700
0.10700 --      0.10800
0.10800 --      0.10900
0.10900 --      0.11000
0.11000 --      0.11100
0.11100 --      0.11200
0.11200 --      0.11300
0.11300 --      0.11400
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Summary and Conclusions
Thesis summary and conclusions
This thesis aims to develop an understanding of: 
(1) how Th concentration in monazite changes 
as a function of progressive metamorphism; 
and (2) what the controls on these changes are 
at both the mineral and outcrop scale. In the 
preceding chapters, the natural monazite record 
of two metamorphic terranes were investigated, 
compared with global trends and then placed 
within a mineral equilibria calculation framework 
in order to address the principle aims of this 
thesis. The following discussion summarises the 
key outcomes and presents a concise summary 
of the role that monazite plays in retaining Th in 
melt-depleted granulite-facies pelites. 
Aim 1: Comprehensively characterise the natural 
record of thorium in monazite and rocks in diff erent 
tectonic settings in detail to understand the interplay 
between the behaviour of thorium in monazite and in 
the bulk rock as a function of metamorphism, partial 
melting and melt loss;
Chapters 2 and 3 present two of the most detailed 
studies to date with focus on the distribution 
of Th within and between monazite grains as a 
function of metamorphic grade. The two studied 
terranes—Mt Staff ord (central Australia) and the 
Ivrea–Verbano Zone (NW Italy)—were chosen 
because they have continuous metamorphic fi eld 
gradients, an abundance of pelite layers (known 
for having a high propensity to grow monazite) 
and well constrained pressure–temperature (P–
T) conditions of evolution. Although they share 
these similar characteristics, they have distinctly 
diff erent metamorphic fi eld gradients. Mt 
Staff ord is a low-strain sequence with a very high 
metamorphic fi eld gradient, whereas the Ivrea–
Verbano Zone has a higher-pressure and higher-
strain history, and thus a lower metamorphic 
fi eld gradient. The whole rock Th trends in both 
terranes have similarities, with Th increasing from 
the lowest grade rocks to the granulite facies. The 
Ivrea–Verbano Zone also contains UHT granulite 
facies rocks (septa within a large mafi c body) 
which have very low Th concentrations. This 
allows the appraisal of monazite and bulk Th 
trends in diff erent tectonic settings.
Chapters 2 and 3 show that each of these 
terranes preserve several successive monazite 
chemical zones, which can be observed across 
multiple samples and therefore across diff erences 
in metamorphic grade. At Mt Staff ord, these 
zones are preserved from the lowest grades of 
metamorphism (mid amphibolite facies) to the 
peak of regional granulite facies metamorphism. 
The fi rst generation of metamorphic monazite 
has highly variable Th contents.  Monazite 
compositional zones from higher metamorphic 
grades have higher Th than low temperature 
monazite. In the Ivrea–Verbano Zone, 
amphibolite-, granulite-facies and UHT monazite 
show distinctly diff erent chemical zoning 
patterns. Similar chemical zones are observed 
between samples of similar metamorphic grade, 
but are not preserved in higher grade rocks. This 
may be a function of the higher strain regime in the 
Ivrea–Verbano Zone creating conditions which 
favour wholescale monazite recrystallisation 
(Chapter 3) whereas, in the lower strain Mt 
Staff ord rocks, monazite zoning has a greater 
preservation potential (Chapter 2). This fi nding 
suggests that there are multiple processes 
which may be responsible for the formation of 
preserved monazite textures. Such processes may 
be governed by the interplay of melt presence 
and melting style (open versus closed), the P–T 
gradient of the terrane, the positive slope of the 
allanite-to-monazite reaction limiting the amount 
of subsolidus monazite that can grow at higher 
pressures, the amount of strain experienced by 
samples, residence time at high temperatures, 
cooling path and the relative timing of monazite 
formation relative to other minerals. 
In both terranes, monazite volume proportion 
increases with metamorphic grade to the granulite 
facies, although monazite modal proportion is 
very low in the UHT samples (Ivrea–Verbano 
Zone). This monazite volume increase can 
be used to reconcile the trend of reasonably 
constant Th-in-monazite concentration from the 
mid amphibolite facies (~600 C) with the trend 
from the whole rock geochemistry of increasing 
Th with metamorphic grade. 
In order to more fully understand monazite 
compositional trends with metamorphic grade, 
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it is crucial to have an understanding of how 
the two Th-bearing endmembers of monazite 
(cheralite, Ca0.5Th0.5PO4, and huttonite, ThSiO4) 
change with metamorphic grade. The cheralite 
to huttonite ratios for monazite in these two 
terranes are explicitly and quantitatively 
described for the fi rst time in chapters 2 and 
3. These observations show that cheralite is the 
dominant Th endmember, with huttonite playing 
a more minor role. UHT samples from the Ivrea–
Verbano Zone have a population of monazites with 
high proportions of both huttonite and cheralite. 
Importantly, partial melting does not decrease 
the fraction of Th endmembers of monazite nor 
the bulk Th in either terrane, except at UHT (i.e. 
extreme) conditions.
A large range of additional analytical data, such 
as apatite and silicate major and trace element 
chemistry, monazite trace element chemistry 
from LA–ICP–MS, multi-element EPMA maps 
of monazite grains and additional monazite 
geochronology, was collected for the Mt Staff ord 
and Ivrea–Verbano Zone samples and is provided 
in the appendices to chapters 2 and 3 and to this 
thesis. Whereas this data was not explored in 
detail herein, it could be an invaluable resource 
for future research on monazite formation, REE, 
Th and U partitioning or other questions in these 
or other terranes.
Aim 2: Establish the global trends in monazite 
chemistry with pressure and temperature, including 
understanding the solid-solution chemistry changes 
and the relative proportions of the two Th-bearing 
endmembers of monazite;
Chapter 4 builds on chapters 2 and 3 by 
providing a dataset of over 5000 monazite 
chemical analyses spanning 1.0 to 41.5 kbar 
and 250 to 1080 C. From this dataset we have 
ascertained that Th-in-monazite shows a clear 
increasing trend with temperature and limited 
pressure dependence. Within this trend are three 
segments over diff erent temperature windows: 
(1) Th-in-monazite increases from fi rst-formed 
monazite to ~550 C; (2) Th-in-monazite is 
eff ectively constant in the window 550 to 800 C ; 
and (3) Th-in-monazite increases again above 800 
C. Cheralite is the dominant Th endmember of 
monazite, but ultra-high temperature monazite 
incorporates increasingly large proportions of 
huttonite. At temperatures below ~600 C we 
have identifi ed the possible presence of a solvus 
between cheralite and huttonite, which favours 
the occurrence (coexistence) of thorite and more 
cheralite-rich monazite (although total Th-in-
monazite at these temperatures tends to be low). 
The trends in the dataset largely replicate trends 
observed in Chapters 2 and 3 as well as in the 
recent detailed study of Th-in-monazite from 
the Ryoke Belt, Japan, by Skrzypek et al. (2018). 
This shows that the trends in these three detailed 
studies are representative of global trends and 
processes which govern the incorporation of Th 
into monazite. This large monazite compositional 
dataset has been provided in Appendix S2 to 
Chapter 4 as a resource for future studies of 
monazite chemistry. 
Chapters 2 and 3 together (19 samples) account 
for about a third of the samples with monazite 
chemistry linked to comprehensive major and 
trace element chemistry and more than half 
of the linked monazite volume estimates. This 
type of data is crucial for understanding the 
controls on monazite formation with progressive 
metamorphism and how these diff erences 
manifest in the microstructures and chemical 
domains recorded by monazite. Studies which 
investigate these controls are crucial to more 
fully and precisely understanding monazite as a 
geochronometer. 
Aim 3: Create a readily adaptable thermodynamic 
calculation framework that explicitly incorporates 
the major elemental components of monazite (Ce, La, 
Nd, Th, Y, Ca, Si and P) and systematically predicts 
the pressure, temperature and rock composition 
(P–T–X) controls on the stability of Th-bearing 
phases including monazite;
The phase equilibria modelling framework 
presented in Chapter 5 represents an important 
innovation in the modelling of accessory phase 
relations. The majority of previous attempts to 
model monazite stability and composition do 
so using the results from solubility equations 
superimposed on calculated phase diagrams for 
the silicate minerals (e.g. Kelsey et al., 2008; 
Yakymchuk and Brown, 2014; Yakymchuk et 
al., 2018). A thermobarometric framework for 
monazite exists, but is limited in its application 
due to the incorporation of only a small number 
of elements in the dataset. Chapter 5 presents 
new solid-solution monazite, apatite, xenotime, 
allanite and melt thermodynamic models which 
have an expanded suite of elements, enabling more 
realistic application of the models to replicate 
natural monazite compositions. The software 
environment has also been complied for use on 
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both Windows and Mac machines, expanding the 
accessibility of the program. The ability to link 
P–T information to absolute time using these 
new monazite models will enable a much more 
precise discussion of the formation of monazite 
and geospeedometry in high temperature rocks. 
This will lead to a better understanding of the 
rates of tectonic processes. A signifi cant outcome 
of chapters 2 and 3 is to provide the necessary 
datasets for calibration of thermodynamic 
models for monazite and associated minerals. 
Additionally, chapter 4 provides the global 
context of monazite chemistry trends which are 
used to test the models from representative pelite 
samples in chapter 5 (from Spear, 2010; Spear and 
Pyle, 2010). The calculated models in chapter 5 
replicate well the general trends in natural data 
identifi ed in Chapter 4, with the only exception 
being the increase in the huttonite component 
at UHT conditions. This may be the result of a 
bulk compositional or melt-loss control, but 
further work is needed to understand the specifi c 
conditions which lead to huttonite enrichment.
Aim 4: Apply the thermodynamic model to determine 
P–T–X (metamorphic reaction) controls on monazite 
chemistry and stability in representative and natural 
bulk compositions;
Chapter 5 explores the P–T–X controls on 
monazite stability and Th-in-monazite using 
the phase equilibrium framework that we have 
developed. We show that in the closed system case, 
monazite has a quasi-triangular shaped stability 
fi eld, with the apex approximately at the solidus. 
The shape of the monazite fi eld is controlled by 
allanite stability at low temperatures, with the 
allanite to monazite transition having a positive 
slope. At high temperatures, monazite gradually 
dissolves in silicate melt, with the modal 
abundance of monazite at the solidus playing 
a role in its stability in the anatectic realm. 
This means that in contrast to experimental 
and previous modelling studies, monazite is 
predicted by our models to be more stable at 
lower pressures rather than higher pressures in 
partially melted rocks. Apatite stability seems to 
be an important factor for sustaining monazite 
stability to high temperatures, with compositions 
that favour apatite stability at high temperatures 
(e.g. high P, high Ca and low Al) also resulting 
in expanded stability of monazite above the 
solidus. Apatite also has a role to play in attaining 
high Th concentrations in monazite, with the 
maximum Th-in-monazite reached at the apatite 
100% dissolution boundary (Chapter 5). Bulk 
LREE and Th both change the proportion of Th 
endmembers in monazite, as monazite is the 
main host of these elements at low pressures and 
above the solidus. Increasing bulk LREE has an 
additional eff ect of increasing the stability fi eld 
of monazite, which has been shown in previous 
modelling studies. 
Chapter 5 also provides the proof-of-concept 
that this modelling framework can be applied 
to natural samples. We have shown that models 
using actual sample bulk compositions from 
the Ivrea–Verbano Zone and Mt Staff ord can 
produce both the bulk silicate assemblage and 
monazite compositions in agreement with 
observations from these samples. We have also 
shown that although monazite compositions 
only change by small magnitudes during 
progressive metamorphism, these compositions 
are suffi  ciently diff erent to defi ne unique fi elds 
using Ce, Th and Y compositional parameters. 
The main aim of Chapter 5 is to demonstrate 
that the highest grade/temperature monazite 
compositions recorded in the natural samples can 
be replicated in approximately the same location 
as the peak fi eld for a specifi c sample within the 
errors of the natural data. 
The thermodynamic framework is applied to 
two subsolidus natural samples from chapters 
2 (STF02B) and 3 (IV16-07). This modelling 
gives further insight into the potential controls 
on the preservation (or not) of prograde 
monazite chemical zones. In Mt Staff ord sample 
STF02B, the bulk composition and P–T path for 
the terrane results in a window of subsolidus 
monazite growth spanning ~300 C (Chapter 5). 
The model is consistent with measured monazite 
chemistry in that the model is able to closely 
predict the Y + REE + Th chemistry of monazite 
with increasing temperature from zones A and B. 
Within this range, the natural data (chapter 2) 
shows that there are distinct phases of growth 
commonly recorded by monazite (e.g. during 
allanite consumption or near peak metamorphic 
conditions). These may be the result of either 
how rapidly monazite mode changes at certain 
P–T conditions or how long the rock remained 
at such conditions (i.e. how equilibrated it was). 
In contrast to Mt Staff ord, the bulk composition 
and P–T path for Ivrea–Verbano Zone sample 
IV16-07 shows a window of only ~50C for the 
subsolidus growth of monazite (Chapter 5) due 
to the positive slope of the monazite-to-allanite 
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reactions. Although the chemistry of other 
samples in the Ivrea–Verbano Zone sequence may 
be more conducive to prograde monazite growth, 
this small window of subsolidus monazite growth 
may go some way to explaining why the record 
from the Ivrea–Verbano Zone generally lacks 
prograde (and Variscan) monazite (Chapter 3) in 
granulite-facies samples.
In the Ivrea–Verbano Zone sample, IV16-07, the 
modelling provides some important clues about 
the formation of monazite in the terrane which 
were not considered in the initial study (Chapter 
3). In particular, the modelling suggested that 
Z3 monazite (rims of amphibolite facies grains) 
was likely a retrograde zone. This was overlooked 
in Chapter 3 because of the assumption that 
monazite and xenotime grew in equilibrium, and 
therefore that Y-in-monazite could be used as a 
proxy for temperature where microstructural 
setting was ambiguous. This fi nding simplifi es the 
timeline for the Ivrea–Verbano zone somewhat, 
indicating that the peak of metamorphism (Z2) in 
the sample occurred slightly before or coincident 
with the emplacement of the Mafi c Complex at 
the base of the metamorphic sequence. While 
the models are not necessarily defi nitive, this 
provides a nice example of the clarity which can be 
provided by observations of monazite chemistry 
combined with the modelling technique in 
situations where observations of mineral textures 
are ambiguous. 
The monazite compositions for ‘zones’ are 
averaged between grains and samples for natural 
samples in chapter 5 produces large regions 
of P–T space that these compositions span 
within the models. This is in part necessary to 
produce realistic models for the measured rock 
compositions. There are also instances where the 
fi elds for monazite compositional zones appear 
more than once along the published P–T path. 
This indicates that monazite with statistically 
similar compositions may have grown at diff erent 
times. This could well be the reason that multiple 
ages can be observed within a single apparent 
chemical ‘zone’ (see also Williams et al., 2007). 
This may be exacerbated by the averaging of 
monazite zone compositions between several 
analyses and grains. A potential solution to this 
issue would be to model individual monazite 
analyses, which could therefore directly and 
precisely link geochronology and P–T constraints. 
This would give many more P–T–t points and 
would eliminate the imprecision introduced by 
averaging the compositions, but would require 
that both the bulk and mineral chemistry have 
good precision, with the error on measured bulk 
chemistry being a major source of uncertainty 
herein.
Aim 5: Apply the thermodynamic model to determine 
P–T–X controls on retention versus extraction of Th 
from the lower crust during metamorphism involving 
crustal melting.
The thermodynamic modelling framework 
presented in chapter 5 is readily adaptable, has 
quick calculation times and automated melt-loss 
routines. These features make it an ideal tool for 
investigating the controls on Th retention versus 
extraction from granulite facies rocks. 
Chapters 2 and 3 provide compelling evidence 
that the retention of Th in the lower crust is 
directly linked to the presence or not of monazite. 
This was further explored by Yakymchuk et 
al. (2018), who showed that the diff erence in 
solubility between monazite (which hosts Th) 
and zircon (which hosts U) could be used to 
explain the frequent observation of increased 
Th/U ratios in lower crustal rocks with respect to 
their protoliths (e.g. Alessio et al., 2018; Bea and 
Montero, 1999). The modelling of representative 
pelite compositions (C1 and C2) presented in 
chapter 5 shows that the inclusion of Th in the 
modelling chemical system has a stabilising 
eff ect on monazite at high temperatures over 
and above simple calculations considering only 
LREE+Y in previous modelling contributions 
(e.g. Kelsey et al., 2008; Yakymchuk and Brown, 
2014; Yakymchuk et al., 2018), which supports a 
monazite control on Th retention in the lower 
crust. This was the case in chapter 5 even when 
bulk Th was low (~7.5 ppm; pelite average is ~14.6; 
Taylor and McLennan, 1985). 
The modelling framework takes into account 
the fi ndings of Stepanov et al. (2012), who 
showed that DThmnz/liq increasingly favoured Th 
to remain in monazite over melt with increasing 
temperature. This is replicated by the models 
up to the point that apatite disappears from the 
modelled assemblages. In the case of the melt-loss 
melting scenarios explored in chapter 5, apatite 
was stable to >1100C at most pressures, and this 
resulted in regions of the equilibrium assemblage 
diagrams where Th-in-monazite became super 
concentrated, particularly at high pressures (>9 
kbar) and temperatures (>1000 C). When melt 
loss routines were combined with low bulk LREE 
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(La+Ce+Nd = 72 ppm), monazite compositions 
with ThO2 of ~30% were calculated (>1050 C, 
8kbar). This Th enrichment is equivalent to the 
highest Th contents included in the monazite 
chemical database explored in chapter 4.
The modal abundance of monazite at the solidus 
appears to be a strong control on the retention 
of monazite (and therefore Th) in the residuum 
as melting progresses (Chapter 5). This is most 
evident in the higher pressure part of our models, 
where the allanite to monazite transition occurs 
near or above the solidus. In closed system 
melting scenarios where monazite abundance 
is low at the solidus (i.e. at high pressures), 
monazite dissolves into melt more rapidly than 
at lower pressures. For opens system scenarios at 
similar pressures, monazite abundance remains 
low for isobaric heating paths. Where allanite 
is the Th-bearing phase at the fi rst melting 
increment, the Th is quickly lost to melt because 
allanite generally only remains stable over a 
small temperature window above the solidus. 
Therefore, in contrast to experimental studies 
that claim monazite solubility is diminished 
at higher pressures, we have found that when 
allanite is taken into account monazite solubility 
actually increases with increasing pressure. 
Further investigation of diff erent modelling 
parameters could enhance our understanding of 
these processes and controls.
Future directions and unresolved questions
In chapter 5, the mechanism for calibrating the 
models relies on the use of the solubility equations 
for apatite and monazite. However, given the 
importance of apatite to monazite solubility 
and P-in-melt, it is curious that no experiments 
have been done directly on full-system (Ca–P–F–
NCKFMASH) peraluminous rocks to understand 
apatite composition and dissolution behaviour 
as a detailed function of P–T–X. Similarly for 
monazite, the Stepanov et al. (2012) experiments 
are the only ones which include Th in full-system 
peraluminous melts. However, it is not possible to 
fully interrogate their datasets and results because 
they don’t present bulk composition mixes for 
the specifi c experiments and trace element 
compositions of monazite are normalised to a 
constant Ce value. Therefore, the success of the 
thermodynamic modelling included in this thesis 
is at the mercy of trusting that the dissolution 
expressions that these studies provided are 
universally applicable, which they may not be. To 
some extent, the dissolution expressions used to 
calibrate these models must be valid because the 
equilibrium assemblage diagrams calculated in 
chapter 5 seem reasonable in terms of geological 
interpretation and in application to specifi c 
samples. However, further experimental study 
of monazite, apatite and associated phases on 
full-system peraluminous rocks would improve 
the applicability and reliability of the models 
presented in this thesis.
Whereas the Yakymchuk et al. (2018) study 
(see also Yakymchuk, 2017; Yakymchuk and 
Brown, 2014; Yakymchuk et al., 2017) uses the 
solubility expressions to predict accessory 
mineral behaviour external to the phase 
equilibrium framework for the major phases, 
the approach used in chapter 5 is based on 
explicitly incorporating the accessory minerals 
and their requisite elements into the same phase 
equilibria calculations as for the major minerals 
and elements. That is, having thermodynamic 
(a-x) models for the end-members that span 
compositional space of the accessory minerals. 
The latter is advantageous in that it allows for: 
(1) dynamic partition coeffi  cients for elements 
between phases as a function of P–T–X (e.g. DThmnz/
liq); (2) the behaviour of accessory phases to be 
modelled simultaneously with the major phases 
and components; and (3) the solid-solution 
chemistry of accessory phases to be calculated 
as a function of P–T–X, including specifi c REEs 
and also the subdivision of Th into the two end-
members for monazite. Though we concede that 
accessory minerals and trace elements may not 
behave in a perfectly equilibrium manner, the 
evidence provided in this thesis is that there 
suffi  cient systematic – predictable – behaviour 
to monazite composition as a function of P–T–X 
that accessory minerals appear to behave in an at 
least close-to-equilibrium manner.
In focussing on monazite compositions, 
particularly Th-in-monazite, there is limited 
discussion in chapter 5 of other compositional 
parameters output by these models. These 
parameters include the other components of 
monazite (i.e. Y, La, Ce, Nd), modal proportions 
for all of the phases in the modelling system, 
endmember proportions for the other mineral 
and melt phases, melt compositions and volume 
of melt loss. The models generate far more 
information than can be assessed in a single 
contribution, but future studies focussing on 
each of these important parameters would 
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be valuable to further validate these models. 
Such studies could also explore more of the 
functionality embedded in the framework 
using, for example, other rock compositions 
or diff erent melt extraction parameters. They 
could also explore the utility of the framework in 
investigating broader questions within petrology 
and petrochronology, for example, investigating 
magma petrogenesis (e.g. Iles et al., 2018) or 
post-peak melt-rock interaction (e.g. Prent et al., 
2019). Investigation of these processes typically 
involves using trace element signatures and ratios 
between accessory and major minerals. Modelling 
of such systems using the framework developed 
here would enable a deeper exploration of the 
controls on these processes for specifi c rock 
compositions and P–T histories. The automated 
nature of the modelling framework makes model 
calculation quick and straightforward, lending 
itself to applications where modelling multiple 
scenarios is key to success.
Future eff orts could address aspects such as trace 
elements in xenotime and a stronger focus on 
Y-in garnet within this framework.  These were 
not the focus of the current study, particularly 
as we were looking to develop a toolkit which 
didn’t rely on the growth of monazite, xenotime 
and garnet in equilibrium with one another, and 
could be applied to garnet-free rocks (e.g. Mt 
Staff ord; Chapter 2). Given the keen interest in 
garnet chemistry and the large amount of garnet 
data which is routinely collected, more precise/
directed calibration of the models with focus 
on Y-in-garnet would increase the utility of this 
framework.
Uranium is not included in the current version 
of the modelling database, but incorporation of 
U into future versions would provide a powerful 
tool for investigating a range of open questions, 
particularly regarding Th/U partitioning in both 
monazite and crustal rocks. Although U is not the 
focus of this work, all of the necessary natural 
data for calibration of a U-bearing system is 
presented in the Mt Staff ord and Ivrea–Verbano 
Zone case studies and monazite compositional 
database (chapters 2-4). However, U might be 
somewhat more challenging to reliably calibrate 
due to its low whole rock concentration and lower 
concentration (than Th) in monazite, apatite, 
xenotime and therefore melt. It would be logical 
to add zircon and therefore Zr, if U were to be 
added to the models. Some calibrations already 
exist for zircon dissolution (Kelsey & Powell 2011; 
Watson & Harrion 29183; Boehnke et al 2012). 
The addition of Th–U-bearing zircon would 
allow for addressing questions regarding Th/U 
partitioning in melt-bearing rocks. Uranium is the 
fi nal outstanding major heat producing element 
to be added to equilibrium thermodynamic 
framework and its addition would open up a 
powerful tool for investigating radiogenic heat 
production in the crust. This would allow linkage 
of our understanding of heat production in a 
geophysical and broad scale geochemical point of 
view to a specifi c and testable minerals-focussed 
point of view. Additionally, this system being 
hosted within the GIBBS program allows large 
numbers of models to be created with ease to 
investigate the geochemical and mineralogical 
controls on the movement of heat producing 
elements in the crust. This framework could also 
be used in future to examine other types of open 
system processes, such as melt reintegration (e.g. 
Yakymchuk and Brown, 2019) or melt loss along 
specifi c P–T paths.
Conclusions
This thesis provides a signifi cant contribution 
to petrology research by presenting a strong 
empirical case from two diff erent terranes for 
changes to monazite chemistry with increasing 
metamorphic grade. On the basis of that, 
supported by the largest (to date) global dataset 
of monazite compositions that show the same 
trends, we have presented a readily adaptable 
thermodynamic framework for the calculation 
of monazite phase equilibria modelling. This is 
an important advancement which will facilitate a 
better understanding of the specifi cs of monazite 
formation in natural samples. 
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ADDITIONAL DATA FOR MT STAFFORD SAMPLES
Additional data fi les for Mt Staff ord (STF) samples are provided as electronic appendices as follows:
A2.1 STF EPMA data (raw)
A2.2 STF silicate laser traces
A2.3 STF monazite laser (raw)
A2.4 STF geochronology
A2.5 STF monazite EPMA maps
A2.6 STF monazite MLA maps
A2.7 STF apatite MLA maps
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ADDITIONAL DATA FOR IVREA–VERBANO ZONE SAMPLES
Additional data fi les for Ivrea–Verbano Zone (IVZ) samples are provided as electronic appendices as 
follows:
 A3.1 IVZ EPMA data (raw)
 A3.2 IVZ silicate laser traces
 A3.3 IVZ monazite EPMA maps
 A3.4 IVZ monazite MLA maps
 A2.5 IVZ apatite MLA maps
